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Abstract 
 
Excessive release of metals and metalloids into the environment is a major global 
environmental concern and there is need for environmentally friendly and cost effective 
methods for their removal. The present study investigated the adsorptive removal of zinc, lead, 
copper and nickel ions from synthetic aqueous solutions and various metals from three acid 
mine drainage (AMD) sites using chicken eggshells. Process parameters including the initial 
metal concentration were evaluated and the optimum conditions obtained were pH 7, 
adsorbent dose of 7 g and contact time of 360 minutes (for the removal of 100ppm metal ions). 
Under these conditions the percentage adsorptions were; 97% for lead, 95% for copper, 94% 
for nickel and 80% for zinc. Aluminium, iron, potassium, nickel and zinc ions all had 
percentage adsorptions above 75% in AMD Sample 1.  Potassium had a 98.78% adsorption 
while magnesium, strontium and zinc had 72.33; 68.75 and 53.07% adsorption respectively in 
Sample 2. Arsenic, chromium, copper, iron, antimony and tellurium ions were above 75% for 
Sample 3. The study demonstrated the efficacy of chicken eggshells and presents it as a viable 
low-cost adsorbent for bioremediation. 
 
Keywords: adsorption; eggshells, bioremediation; heavy metals; environmental pollution, 
acid mine drainage. 
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Chapter 1 
 
1.1 Introduction and Study background 
An increase in industrial processes has led to immoderate release of heavy metals into the 
environment and this has become a major global environmental apprehension (Kadirvelu et 
al., 2001). Industrial wastewaters from metal plating, mining activities, smelting, battery 
manufacture, surface finishing, leather, electro-osmosis, energy and fuel production, fertilizer, 
pesticides, metallurgy, electroplating, electrolysis, electric appliance, metal surface treatment, 
pigment manufacture and printing industries are some of the places where heavy metals like 
cadmium, zinc, copper, lead and nickel can be found (Kadirvelu et al., 2003; Williams et al., 
1998; Bhutiani, 2016). 
 
Heavy metal pollution has become a major environmental trepidation in recent years (Volesky 
& Naja, 2007). As a result of the aforementioned industrial activities, heavy metal pollutants 
are considerably introduced into the aquatic systems. Heavy metals must be removed from the 
effluent of various industrial processes before being discharged into water bodies. Heavy 
metals are not biodegradable and possess the ability to build-up in living tissues which can 
subsequently lead to adverse toxic effects (Wuana, 2011). Wastes that contain these metals 
are directly and/or indirectly being released into the environment causing severe 
environmental pollution. It is noteworthy that even the presence of trace amounts of these 
heavy metals can be harmful and/or toxic to both flora and fauna (Volesky, 1990; Volesky & 
Naja, 2007; Sharifuzzaman, 2016). However, conventional treatment methods are used for the 
removal of varying heavy metals by most industries. Most of these methods however have 
numerous disadvantages (Ghazy et al., 2008).  
 
Methods used for wastewater treatment such as electrodialysis, electroflotation, chemical 
precipitation, ion-exchange, reverse osmosis, solvent extraction and membrane separation 
have disadvantages that include irregular metal ion elimination, generation of sludge, high 
reagent needs and high cost implications. This has become an obstacle in the treatment of 
industrial liquid waste (Kadirvelu & Namasivayam, 2003). Chemical precipitation and 
electrochemical treatments, for example, become ineffective when the ion concentration in the 
aqueous solution is lowered below a threshold of 50 mg/L. Furthermore, large amounts of 
sludge are produced through such treatments. Processes such as activated carbon adsorption 
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and ion exchange membrane technologies; that are efficient in separating metal ions from 
water environments, are also very costly especially when dealing with high volumes of water 
and/or water that contains low concentrations of heavy metals (Volesky, 1990; Volesky & 
Naja, 2007).   
 
A potential efficient option to the conventional methods of waste water treatment is biological 
remediation (Apiratikul & Pavasant, 2008). Biological remediation or bioremediation is a 
clean-up approach that makes use of dead or living biomass to absorb and process compounds 
such as heavy metals that are present in nature. Bioaccumulation and biosorption are the two 
major processes of metal bioremediation (Zouboulis et al., 1997; Apiratikul & Pavasant, 
2008). 
 
Biosorption, as a physiochemical process, occurs spontaneously in certain biomass and allows 
for the passive concentration and binding of pollutants onto its cellular structure. Biosorption 
does not require energy; it is a metabolically passive process. Since contaminants are taken up 
onto the cellular structure of the sorbent, the kinetic equilibrium and the composition of the 
sorbents cellular surface determines the amount of contaminants it can remove (Ramachandra 
et al., 2005). 
 
Bioaccumulation is a metabolism-dependent process that involves the intracellular uptake of 
chemicals and/or metal ions by living organisms. This leads to a subsequent rise in the 
concentration of the chemical in an organism with an increase time in comparison to the 
chemical's concentration within the environment. Bioaccumulation necessitates respiration 
and is therefore, an active metabolic process driven by energy from a living organism. 
Bioaccumulation offers greater complexity in that it involves the active metabolic transport 
and occurs by taking up pollutants which are then passed onto and inside the cellular surface 
(Zouboulis et al., 1997). However it is repressed by factors such as metabolic inhibitors, low 
temperatures and lack of energy supply (Mishra et al., 2013). Furthermore the need for nutrient 
inclusion makes the process a less preferred option to biosorption as highlighted during 
feasibility studies done for large scale applications (Park et al., 2010). The cost implication of 
additional nutrient cannot be overlooked when determining the use of bioaccumulation 
strategies as a treatment option in bioremediation (Karman et al., 2015). 
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Biosorption presents a solution to most of the limitations of bioaccumulation as it is non-
metabolism dependent and relies on biomass rather than active metabolism of the heavy metals 
by living organisms. In addition it is a quicker process that does not require the maintainance 
of a healthy microbial population as even dead biomass can be applied (Zouboulis et al., 1997). 
Products of metabolism can form complexes with metals to keep them in solution, since metals 
may be intracellularly bound and this becomes challenging in the mathematical modelling of 
a non-defined system. This has consequently led to the preferred application of biosorption in 
bioremediation strategies (Ajmal et al., 1996; Brown & Lester, 1982; Dilek et al., 1998). 
 
Several materials have been used such as peanut pellets by Johnson et al. (2002); diatomite by 
Khraisheh (2004), wheat shell by Basci et al. (2004), tea agricultural waste by Cay et al. 
(2004), activated carbon extracted from apricot seeds by Kobya et al. (2005), unmodified 
lignocellulosic fibres by Shukla et al., (2005), carbon aerogel by Meena et al. (2005), 
groundnut shells and sawdust by Shukla and Pai (2005), siderite by Erdem and Özverdi (2005) 
and custard apple (Annona Squamosa) peel powder by Krishnaa and Sreeb (2013). This study 
concentrated on the use of eggshells as the adsorbent medium for the environmental 
remediation process. 
 
What makes eggshells a striking material to be employed as an adsorbent is its porosity. 
Eggshells characteristically consist of ceramic materials, the outer surface has the cuticle, the 
middle layer is made of a spongy (calcareous) layer and finally the inner lamellar layer, 
organised in a three-layered construction. More than 90% of the material in eggshells is 
represented by the mammillary and spongy layers that forms a milieu made up of protein fibres 
chemically bonded to calcite (calcium carbonate). The numerous pores on the two layers of 
the eggshell make them a very efficient adsorbent because the pores allow for an increase in 
the number of binding sites and surface area for the biosorptive process (Schwarz & Contescu, 
1999; Zulfikar & Setiyanto, 2013). 
 
In this respect the main objective of the research was to investigate the adsorption capacity of 
eggshell powder to remove various heavy metal ions from aqueous solutions and metals in 
acid mine drainage obtained from different sites, with a focus on the following heavy metals: 
Ni, Cu, Zn and Pb in aqueous solutions and a wider array of metals in the acid mine drainage. 
A comparison on the different adsorption capacities of eggshell in different operating 
conditions  were investigated, with a focus on the effect of pH, temperature, contact time and 
initial concentration of the heavy metal ions. 
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1.2 Problem Statement 
Widespread industrialisation and the growing population density in vastly urbanised societies 
have led to wastewater management problems that the world is facing today (Frederick, 1995). 
The main sources of chemical and microbial pollution of water resources are effluents 
produced from industrial and domestic activities. This does not only increase the cost of 
wastewater treatment but also poses great environmental and human health problems (Nrigu 
& Pacyna, 1988). Wastewater treatment processes are meant to achieve wastewater effluent 
of acceptable legislative quality, hence contaminated water is an essential and part of 
environmental management today (Madoni et al., 1996). The main objective of wastewater 
treatment processes is to reduce the disease-causing agents found in wastewater that threaten 
public health (Akpor & Muchie, 2010). Heavy metals are among some of the most persistent 
chemical pollutants present in wastewater and it has been reported that their toxicity surpasses 
the radioactive and organic wastes released into the environment (Duncan, 2010). 
 
Heavy metals found in the environment are characterised by their high toxicity to flora and 
fauna. This has made them noticeably an intermittent challenge to water and soil quality 
(Fonseca et al., 2006). Heavy metals can both be carcinogenic and toxic (Krishnani et al., 
2008). Heavy metals cannot be degraded, contrasting with most organic pollutants that can be 
broken down biologically or chemically. These metals apart from being harmful to organisms 
when specific limits are surpassed, have also demonstrated a tendency to accumulate in living 
tissues (Förstner & Wittmann, 2012).  
 
The production and build-up of inordinate quantities of aqueous effluents containing elevated 
levels of heavy metal pollutants results from the increased use of heavy metals and their by-
products in various industrial processes (Antunes et al., 2003). Mining, electroplating, 
chemical, metal-finishing and textile industries are the most prominent industrial sources of 
heavy metals in South African water resources (Aziz et al., 2008; Peric et al., 2004). Factors 
like the resultant interference with many biological processes in flora and fauna, within 
different ecosystems and the increased levels of toxicity, (Krishnani et al., 2008; Ulmanu et 
al., 2003), have made toxic metals contaminating water and wastewater to become a global 
environmental problem (Ahmady-Asbchin et al., 2008; Duan et al., 2010; Bratskaya et al 
2009; Yuan et al., 2008). Because of this, regulations that set and monitor discharge limits of 
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heavy metals from industrial effluents have been set up (Ulmanu et al., 2003; Krishnani et al., 
2008). 
 
Heavy metal accumulation in the ecosystem is a major concern to environmentalists especially 
because of their recalcitrant and non-biodegradability properties (Sinha et al., 2010). Because 
heavy metals are deposited and concentrated in the fat tissues of higher organisms due to their 
lipophilic nature, organism that continuously consume contaminated prey as food will 
ultimately have an increased concentration of these heavy metals to thresholds that will have 
a detrimental and toxic effect (Duncan, 2010).  
 
Larger organisms eating smaller organisms experience accumulation in the concentration of 
heavy metals in their tissues. This is another related effect of bioaccumulation and leads to 
biomagnification. Biomagnification is a phenomenon where a surge in concentration of 
substances in bigger living organisms over time at the top of the food chain occurs (Duncan, 
2010).  Therefore biomagnification takes place when the metal is passed up the food chain to 
a superior trophic level and reaches the concentration beyond the accepted level, whereby 
equilibrium remains between an organism and its environment.  Harmful, concentrations can 
be reached at superior trophic levels among top predators such as eagles, carnivores and human 
beings, when that equilibrium no longer exists (Neely, 1980; Volesky & Naja, 2007). 
 
Even though heavy metals are present in dilute, untraceable quantities in surface and 
groundwater supplies, they are however prioritized as major inorganic pollutants in the 
environment, due to their toxic properties to higher life forms and their the ability to move or 
be moved freely and easily in aquatic ecosystems (Atkinson, 1998; Ramachandra et al., 2005). 
Electrodialysis, chemical precipitation, ultrafiltration and reverse osmosis among others are 
the conventional methods for heavy metal elimination from industrial water (Ahmady-
Asbchin et al., 2008). However most developing countries are faced with the shortcomings, 
such as the low utilisation and high costs, of these methods (Horsfall & Spiff, 2004). 
 
Innovative methods to decrease heavy metal concentrations to environmentally acceptable 
level are necessary, but should also be reasonable and cost effective. This came about because 
some of the conventional methods used to reduce the concentrations of heavy metal ions are 
neither cost effective nor economical. Contrary to the expensive conventional methods; 
research on substitute methods used in heavy metal removal shows that low cost adsorbents 
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such as different living and dead biomass can be rapid, cost saving, effective and eco-friendly 
technology and lessen some of the problems associated with conventional methods of heavy 
metal removal (Krishnani et al., 2008; Nouri et al., 2007; Selatnia et al., 2004; Romera et al., 
2006). 
 
South Africa is predominantly a mining country where a significant portion of the gross 
domestic earnings is obtained from mining but this comes at the cost of heavy environmental 
pollution as most of the mine tailings end up in surrounding rivers and streams. 
Notwithstanding, substantial advancements are being made in South Africa in addressing and 
shifting policy structures to deal with heavy metal pollution issues, with regards to mine 
closure and mine water management. The mining industry is shifting its standards of operation 
to obey and adhere to new legislation and procedures because of the current state of affairs. 
For example the potential volume of acid mine drainage released from the Witwatersrand 
Goldfield alone quantifies to an projected 350 ml/day, this places concern not only on the 
volume released into the environment but also the probable economic value for treatment of 
such mine water (Hobbs & Kennedy, 2011). 
 
1.3 Rationale for the research 
Biosorption is commercially and regularly used in the industry for water and effluent treatment 
(Zwain et al., 2014). The synthetic cation exchange resin is the commonly used commercial 
adsorbent (Kurniawan et al., 2006). However, the cost and the reusability of this synthetic 
cation resin does not generally commiserate with its cost. The practicability and effectiveness 
of agricultural waste products makes them the most effective and viable biosorbent (Williams 
et al., 1998; Zhang et al., 2000; Ahmady-Asbchin, 2008; Kadirvelu & Namasivayam, 2003; 
Fonseca et al., 2006). Different adsorbents and binding capacities of agricultural biomass 
and/or adsorbents such as wheat shell (Basci et al., 2004), tea agricultural waste (Cay et al., 
2004), wheat bran (Farajzadeh et al., 2004), siderite (Erdem and Özverdi, 2005), 
lignocellulosic fibres (Shukla et al., 2005), activated carbon from apricot stone (Kobya et al., 
2005) and modified jute (Shukla and Pai, 2005) show similar properties to the commercial 
synthetic cation exchange resins. 
 
On that account, when a biosorbent is plentiful in nature, requiring little processing, does not 
have additional processing and/or economic values or is a waste material and/or a by-product 
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from an alternative industry, it can be assumed to be “low cost”. The ubiquitous presence of 
agriculturally derived biosorbents in nature makes them appealing in nature (Volesky, 1990). 
The fact that many biosorbents are often made from abundant or waste materials makes them 
low cost and gives them many advantages as compared to conventional techniques (Fourest & 
Roux, 1992). Depending on numerous influences such as type of physicochemical treatment, 
type of biomass and biomass preparation, the metal sorbing ability of dissimilar types of 
biomass may be selective on diverse metals. A comparison of the use of biosorbents and 
precipitation techniques shows that biosorbents can be used repeatedly after the recycling of 
the metal; however precipitation techniques are associated with secondary problems of sludge 
formation in many cases, moreover metal recovery after sorption is possible. Compared to 
other conventional techniques, such as ion exchange treatment; biosorption competes 
favourably (Volesky, 1990; Fourest & Roux, 1992; Hussein et al., 2004). 
 
Several researches have been conducted on the chemical composition of different industrial 
wastes, the effectiveness of the conventional methods of waste water treatment and the use of 
different low-cost adsorbents originating from agricultural waste (Gadd, 2010; Violante et al. 
2008; Low & Lee, 1991; Erdem & Özverdi, 2005; Shukla & Pai, 2005; Meena et al., 2005). 
Literature reviewed at present shows sparse information on the use of eggshell in the 
biosorptive treatment and adsorption capacity in heavy metals terms (Chojnacka, 2005; Ghazy 
et al., 2008; Koumanova, 2002; Meski et al., 2010, Tsai et al., 2006; Zulfikar & Setiyanto, 
2013). 
 
It is pertinent to add that the development of any value-added by-products, from eggshells 
originating from egg-breaking operations in bakeries, restaurants and other food industries, is 
to be welcomed in both aspects of heavy metal removal and egg waste disposal. According to 
the South African Poultry Association, (2015) the average number of cases produced per week 
in 2015 was 407 770 and the total egg production in 2015 amounted to 21.26 million cases, or 
638 million dozen eggs this also elucidating its potential in terms of quantity of eggshells 
produced per year. 
 
The mammillary and spongy layers that form a matrix made up of protein fibres attached to 
calcite are some of the components of the eggshell and represent more than 90% of the eggshell 
(Tsai et al., 2006). The eggshell is an efficient adsorbent since the two layers are assembled in 
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such a way that there are copious circular openings, that allow for an increased surface area 
and an increase in the number of binding sites (Schwarz & Contescu, 1999). 
  
In this respect the main aim of the study was to evaluate the efficacy of chicken eggshells as 
a low-cost adsorbent obtained from waste material from food industries and the effect of 
different process parameters such as pH, contact time, initial concentration of ions and 
adsorbent dosage on removing heavy metal ions from aqueous solutions and acid mine 
drainage using batch adsorption studies. In addition this study focused on the heavy metals; 
Cd, Cu, Zn and Ni for the aqueous solutions as these heavy metals are present in most 
industrial effluents generated from South African industries (Momba & Sibewu, 2009) and 
also the removal of a vast array of metals from acid mine drainage. 
 
1.4 Purpose and aims of the study 
The current study evaluated eggshell biosorptive efficiency for  different heavy metals (Cd 
(II), Ni (II), Cu (II) and Zn (II)) alone  in synthetic solutions and an array of metals in acid 
mine drainage. 
The objectives of this study were: 
 To elucidate the efficacy of eggshell as an adsorbent for heavy metals Cd, Cu, Zn and 
Ni. 
 To evaluate the effects of process parameters (adsorbent dosage, pH, initial metal 
concentration and contact time) on the adsorption process using data obtained from 
optimisation studies. 
 To elucidate the efficacy of eggshells for the removal of metals in acid mine drainage 
from three different sites.  
 To determine whether the composition of eggshell is associated to its biosorbent 
abilities by extrapolation from literature and contemporary studies.   
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Chapter 2: Literature review 
 
2.1 Heavy metals 
Heavy metals can be described as all groups of metals and metalloids that have an atomic 
density that is more than 4 g/cm³ or metals and metalloids that are five or more times greater 
than water (Duffus, 2002). Metallic elements that have a comparatively high density and are 
poisonous and or toxic at low concentrations can also be referred to as heavy metals (Lenntech, 
2004). The chemical properties of various heavy metals are however the most swaying factors 
in comparison to the density. Examples of heavy metals are inclusive of silver (Ag), lead (Pb), 
zinc (Zn), cadmium (Cd), nickel (Ni), arsenic (As), cobalt (Co), iron (Fe), chromium (Cr) and 
platinum group elements. Heavy metals are commonly  found in disseminated rock 
foundations and have the largest accessibility in aquatic and soil bionetworks that are in direct 
interaction with the soil and rocks, and to a moderate fraction can also be found in the 
atmosphere as particulate matter or vapours (Babel et al., 2003; Tariq, 2016). 
 
The coordination chemistry of metals can also be used to define heavy metals and it classifies 
heavy metals as class B metals that fall under non-essential trace elements that are considered 
highly toxic (Sharma & Agrawal, 2005). It is however significant to take note that with this 
classification the effect of any substance or metal on a biological system always depends on 
the concentration of its accessibility to the cells of that  system, hence these substances or 
metals are not always toxic (Nagajyoti et al., 2010). 
 
2.2 Biological heavy metal uptake 
Industrial wastes, sewage, both treated and untreated, run-off after rainfall and waste from 
mining operations are some of the sources where heavy metals can reach fresh and salt water 
bodies (Neely, 1980; Förstner & Wittmann, 2012). The problem however is that plants, 
animals and microorganisms rely on these same water bodies for life. Heavy metals have the 
ability to fix onto the exterior surface of microorganisms and/or penetrate into the interior of 
the cell and this is termed “biosorption”. The heavy metals can subsequently be chemically 
transformed in some microorganisms as it uses various metabolic reactions to digest food. A 
recognised illustration is the capability of particular bacteria to modify mercury to a form 
called methylmercury (Prabhakaran et al., 2009). Methylmercury can subsequently be 
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adsorbed, without difficulty in comparison to mercury, into smaller organisms such as 
insects. Subsequently these smaller organisms are eaten by organisms higher up in the food 
chain, such as fish, the heavy metals are passed into the fish. At this junction the metals can 
persist in the fish for prolonged periods of time and as the fish continues to consume more of 
the smaller organisms, the quantity of heavy metals escalates. As organisms higher up in the 
food chain eat smaller organisms, the heavy metals collect at a higher concentration in the 
larger organisms. The increase in concentration of materials such as heavy metals over time 
in bigger living organisms is called biomagnification (Neely, 1980; Duncan, 2010). The 
principle of biomagnification occurs when the substance is passed up the food chain to higher 
trophic levels, such that in predators it surpasses the concentration projected when equilibrium 
prevails between an organism and its environment leading to a greater, conceivably dangerous, 
concentration at high trophic levels among top predators (Neely, 1980; Rangsayatorn, 2002). 
 
Heavy metals are lipophilic and are deposited and concentrated in the tissues of the organisms 
over time and this is known as bioaccumulation (Ekpo et al., 2008). Hence, if the organism 
keeps on consuming food tainted with heavy metals, the concentration of the metals will 
further increase in its body. Symptoms of toxicity specific to the type of metal will then be 
exhibited when a certain threshold level is reached, measured in parts per million (ppm) 
(Duncan, 2010). 
 
The degree to which bioaccumulation transpires is  dependent on the total amount also known 
as the bioavailability of the metal in the environment, storage and excretion pathways and 
routes of metal uptake (Krishnani, 2008). Essential metal requirements vary depending on the 
organism; however optimal concentrations are typically within narrow ranges and are 
regularly under homeostatic control mechanisms. Thus the excess metal concentrations within 
the body of the organism must be compartmentalised in cells and or tissues. Malins and 
Ostrander (1994) stated that some metals can be accumulated through storage by metal binding 
proteins, such as metallothioneins, in compartments like vesicles and granules, excreted or 
metabolically immobilized. It is of note that some storage mechanisms can be associated with 
the provision of essential metals for the organisms’ imminent needs. If, however the organism 
is not able to deal with the heavy metal load this may lead to toxic effects within the organism 
(Chapman et al., 1996; Krishnan, 2008). 
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2.3 Occurrence and release into the environment 
Heavy metal pollution can emanate from anthropogenic and/or natural sources that include 
agricultural, industrial, domestic effluent and atmospheric sources. The wide spread 
dissemination of heavy metals in the environment has emanated from their multiple medicinal, 
industrial, domestic, agricultural and technological applications (Herawati et al., 2000; 
Hawkes, 1997; Nagajyoti et al., 2010; Lenntech, 2004; UNEP/GPA, 2004). Innumerable 
industries make and release wastes, comprising of different heavy metals, into the environment 
and these include electro-osmosis, electrolysis, fertilizer and pesticide industry and 
application, energy and fuel production, metallurgy, iron and steel, surface finishing industry, 
electroplating, leatherworking, photography, aerospace, electric appliance manufacturing, 
metal surface treating and atomic energy installation industries to mention a few (Wang and 
Chen 2009). Of the aforementioned, acid mine drainage linked with coal-based power 
generation; mining operations; electroplating industry waste and nuclear power generation 
(uranium mining and/or processing and special waste generation) appears to be the priority 
targets in the industrialised world (Volesky,  2007). Toxic metals (such as Cd, Hg, Ni, Cr, Pb, 
Zn, Sn, Cu, As, Co), precious metals (such as Pd, Pt, Ag, Au, Ru) and radionuclides (such as 
U, Th, Ra) are the main categories of heavy metal concern (Wang & Chen, 2006: 2009). 
 
2.3.1 Mining activities 
The industrial sector in South Africa with the largest water quality impact by volume is 
mining. Fluctuations in pH, increased metal content, increased salinity and increased sediment 
load are some of the effects of mining. The polluted groundwater discharged into streams, in 
the mining areas surrounding Johannesburg, contributes up to 20% of the stream flow and the 
consequences of the tainted water from the mines can go 10km yonder the source (Naicker et 
al., 2003). 
 
In the mining sector, heavy metals in rock formations are recovered as minerals, from which 
they can occur as ores in diverse chemical forms. Sulphides such as iron, gold, arsenic, lead-
zinc, lead, cobalt, silver and nickel sulphides; oxides such as aluminium, gold, manganese, 
antimony and selenium are examples of heavy metal ores. Though some can be convalesced 
in their sulphide and their oxide ores, for example iron, copper and cobalt (Peplow, 1999), ore 
minerals are more likely to occur in groups that occur naturally as sulphides would occur 
together, similar to oxides (Lenntech, 2004). Hence the sulphides of arsenic, lead, cadmium 
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and mercury would naturally occur together with pyrite and chalcopyrite as minors, which are 
attained as by-products of different hydrometallurgical processes or as part of exhaust fumes 
in pyro metallurgical and other processes that come after mining to recover them (UNEP/GPA, 
2004). Habashi (1992) and Duruibe (2007) reported that during mining procedures, some 
metals linger behind as tailings disseminated in open or incompletely covered pits; while some 
are carried through wind and floods, generating numerous environmental complications. It can 
safely be said, that heavy metals are primarily obtained from their ores by mineral processing 
operations (UNEP/GPA, 2004; USDOL, 2004). 
 
Peplow (1999) and Yanqun (2005) noted that even after the termination of mining activities, 
the released metals are still persistent in the surroundings. Peplow (1999) reported that most 
hard rock mines are active between 5-15 years until the minerals are exhausted, but the effects 
of the metal pollution that occurs as a result of mining can continue and linger for hundreds of 
years after the mining operation has stopped. When the mining operations expose metal-
bearing ores instead of natural exposure of ore bodies via erosion the potential contamination 
increases, and also when mined ores are discarded on the earth surfaces as is the case in manual 
dressing processes (Garbarino et al., 1995). 
 
Heavy metals cause environmental pollution, very common in mining areas and old mines 
sites, wherein the pollution lessens with an increased distance away from these sites as was 
shown by work carried out by Peplow (1999). These heavy metals can be easily leached out 
and can be transported by acid water downstream and/or run-off to rivers and streams, from 
mining areas, undisputedly polluting water bodies (Garbarino et al., 1995; Duruibe et al., 
2007). Through these streams and rivers, these metals are ferried as a fundamental part of 
suspended deposits or as dissolved species in water, potentially instigating the toxic effects. 
These metals may subsequently be deposited in river bed sediments or leached into 
underground water and taint the rivers and water bodies. Wells and boreholes located close to 
mining sites have been seen to contain heavy metals at levels that surpasses the drinking water 
standard (Garbarino et al., 1995; Peplow, 1999). 
 
Mining operations discharge various heavy metals dependent on the mining activity type. For 
example, coal mines are major sources of arsenic, cadmium and iron which supplement the 
soil surrounding the coalfield. The use of mercury in gold mines and the deployment of large 
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quantities of mercury from old mines have been seen as a noteworthy source of this 
contaminant to the environment (Dias, 2002; Nagajyoti et al., 2010). 
2.3.1.1 Acid mine drainage 
Acid mine drainage (AMD), may be generated by different geochemical processes and mining 
activities; however it is a spectacle normally linked with mining activities. Acid mine drainage 
occurs when sulphide minerals such as pyrite in prior mining sites come into contact with air 
and water in the presence of oxidising bacteria such as Thiobacillus ferrooxidans, are oxidised 
to yield metal ions, sulphate and an acidic component as is shown by the chemical equations 
below (Ogwuegbu & Muhanga, 2005). 
2FeS2 + 7O2 + 2H2O — 2FeSO4 + 2H2SO4 
2FeSO4 + 2H2SO4 — Fe2(SO4)3 + SO2 + 2H2O 
Fe2(SO4)3 + 2FeAsS + 9/2O2 + 3H2O — 2H3AsO4 + 4FeSO4 + S (Equation 1) 
 
Many heavy metals from mine sites are frequently leached and ferried by acidic water 
downstream and can subsequently be acted on by bacteria and be methylated to produce 
organic forms,  including monomethyl mercury and dimethyl cadmium. Such organic forms 
have been described as toxic and affect water quality by seepage, in turn polluting underground 
water sources. It is however of note that, low pH values do not necessarily have to be formed 
for metals to be released from mine wastes, near neutral pH (pH 6-7) have been recognized 
for some metals at adverse concentrations, such as As, Cd and Zn (Duruibe et al., 2007; 
Lenntech, 2004). 
 
Notwithstanding substantial advancement being made in South Africa in shifting policy 
structures to address the closing of mines, management of mine water and the mining industry 
shifting normal practices to adhere to new regulations, the present state of affairs still hordes 
liabilities, for example acid mine drainage started to empty out from non-operational flooded 
underground mine workings near Krugersdorp in the West Rand (Gauteng Province) in August 
2002. And other areas like Randfontein and the Wonderfontein Spruit from gold mining, and 
the Loskop Dam and Olifants River in Mpumalanga Province from coal mining have received 
attention. The potential volume of acid mine drainage for the Witwatersrand Goldfield alone 
amounts to an estimated 350 ML/day which represents approximately 10% of the drinkable 
water provided daily by Rand Water to municipal authorities for urban circulation in Gauteng 
and neighbouring areas. These statistics point out not only the volume but also the probable 
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economic value of mine water in viewpoint (Hobbs & Kennedy, 2011). Figure 2.1 shows the 
mining areas and minerals predominantly susceptible to the creation of acid mine drainage in 
South Africa. 
 
 
Figure 2.1: Mining areas and minerals particularly susceptible to the formation of AMD in 
South Africa (Source: Hobbs & Kennedy, 2011). 
 
2.3.2 Soil erosion 
Soil erosion has been shown to contribute to heavy metal contamination, with wind and water 
being the two main agents of soil erosion. For the duration of rainfall, sediment-bound heavy 
metals are dispersed to the soil. Water that has agrochemicals with elevated metal 
concentrations drop this sediment bound metal in soil concurrently as it leads erosion (Kaizer 
& Osakwe, 2010). Heavy metals can also be collected and disseminated to the environment 
due to erosion during run-off. Heavy metal wastes can similarly be carried away to drainage 
systems and consequently into adjoining rivers during rainfall (Taiwo et al., 2011). It is also 
of note that, some aerosol (colloids of fine solid particles or liquid droplets, in air or another 
gas) particles may convey different types of pollutants; like heavy metals. These can then 
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usually mount up on the surfaces of leaves in particulate form and can subsequently enter the 
plant via stomata on the leaves (Sardar et al., 2013). 
 
2.3.3 Agriculture 
Agriculture is seen as another sources of heavy metal pollution especially from inorganic and 
organic fertilizers. The most imperative sources of heavy metals to agricultural soil include 
pesticides, irrigation waters, sewage sludge and liming. Other sources such as fungicides, 
phosphate fertilizers and inorganic fertilizers are seen to have different levels of Cd, Cr, Ni, 
Pb and Zn, dependent on their various sources (Nriagu, 1988; Yanqun et al., 2005). Many 
plant diseases are controlled using heavy metal based pesticides and those pesticides are 
cradles of heavy metal pollution to the soil (Verkleji, 1993; Ross, 1994). The frequent use of 
fertilizers and agricultural chemicals is attached to long persistence of heavy metals and may 
lead to high build-up of some metals even though the concentrations of heavy metals in 
agricultural soil appear to be very small (Verkleji, 1993). 
 
Dissolved heavy metals may be transported to agricultural fields through irrigation with water 
contaminated with sewage or industrial effluents. Though most of these heavy metals do not 
pose a risk to humans by way of crop consumption, cadmium in plants is given delicate 
attention since it builds up in leaves at very high levels, which could be ingested by animals 
or human beings. Accumulation of heavy metals usually transpires in plant roots, but can also 
occur in the whole plant (Goede & De Voogt, 1985). 
 
Most irrigation systems are made in a way to permit for up to thirty percent of the water used 
for irrigation not to be taken up but rather to exit the field as return flow. Return flow would 
then join the groundwater or run off the field surface in the form of tail water. The need to 
maintain stream flow or downstream water rights have seen tail water sometimes being 
rerouted into streams. Nonetheless, usually the tail water is gathered and stored till it is used 
again or sent to another field. Tail water is usually kept in small lakes or reservoirs, where 
heavy metals can collect and have a negative impact on aquatic communities (Frederick, 
1995). 
 
The addition of metals such as Mn, Zn, Cu and Co contained in animal manure and Zn, Cu, 
Pb, Cd, Ni and Cr in sewage sludge nourishes the soil (Verkleji, 1993). The rate of application 
of the manure and/or sludge, however with its elemental concentration and soil features, can 
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lead to the surge in heavy metals in agricultural soil. The application of amendments like 
compost, refuse and nitrate fertilizers also enhances heavy metal build-up (Ross, 1994; Tariq 
et al., 2016). It is also of note that, dissimilar to liming that increases the levels of heavy metal 
found in soil, nitrate fertilizers, compost and refuse contribute less (Verkleji 1993; Ross, 1994; 
Tariq et al., 2016). 
 
2.3.4 Industrial sources 
Metal refinement processes, spoil masses and tailings, transportation of ores, smelting and 
metal finishing and reprocessing of metals are some of the other industrial sources of heavy 
metals in the environment. Metals in particulate and vapour form are emitted from high 
temperature processing during smelting and casting of metals and their ores. Heavy metals 
such as Pb, Cd, Cu, Sn and Zn in their vapour mix with water from the air and may form 
aerosols that may be either scattered via wind through dry deposition or precipitated in rainfall 
by wet deposition, therefore generating pollutants of soil and/or water. Some heavy metals 
like Cu, Se, B, Cd, Cs and Ni enter the environment through energy providing power stations 
like coal burning power plants, nuclear power stations and petroleum combustion. Processing 
of polymers, textiles, electronics, wood preservation and paper creation are other industrial 
sources of heavy metal production. Plants that have been contaminated by growing below the 
power lines with high concentrations of Cu have been reported as toxic even to animals (Kraal 
& Ernst 1976). Table 2.1 shows the occurrence of metals or their compounds and effluents 
from different industries (Nagajyoti et al., 2010). 
 
Surface finishing and metal deposition for a longer life span of objects and for beautification 
are accomplished through one important process, namely electroplating. Though dependent 
on the specific requirement of the articles, metals like nickel, copper, zinc and chromium are 
frequently used for electroplating. Significant quantities of metal ions are ferried into the 
effluent during washing of the electroplating tanks. For example, the element found in 
effluents of zinc base casting, silver refineries, electroplating and storage battery production 
industries is nickel (Hefele, 1979; Rao & Prabhakar, 2011). 
 
Industries that focus on pigments, metal plating, polymers and batteries are also faced with 
high exposure to cadmium. Momentous human contact to cadmium, via the intake of 
contaminated agricultural foodstuffs, can be due to cadmium pollution derived from the 
emissions of a cadmium produced in industries and the introduction of this metal into sewage 
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sludge, groundwater and fertilizers (Young, 2005). The burning of municipal waste that has 
poymers and nickel-cadmium batteries can result in airborne cadmium exposure as well 
(Fernandez-Leborans & Herrero, 2000). 
 
Zinc metal is a constituent of various alloys together with the ones used for casting, as well as 
brass and bronze also used to coat metals like iron and steel. Many electrical components of 
household goods contain many zinc alloys. Zinc metal dust can be released from effluent 
coming from metallurgy and electroplating, chemical and printing companies since it is 
extensively used for paint coatings, as a catalyst and also used extensively as a reducing and/or 
precipitating agent in chemistry especially in the organic and analytical side (Kandah, 2001). 
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Table 2.1: Occurrence of metals in effluents from several industries (Nagajyoti et al., 2010) 
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2.4 Effects of heavy metals on aquatic organisms 
Heavy metals in the environment adversely affect aquatic organisms. The water chemistry and 
sediment composition in water systems largely determines the toxicity of the metal in question. 
The metals are taken up by smaller organisms like plankton and additionally by aquatic 
organisms after being mineralised by microorganisms. In the end, the metals which have 
several times been biomagnified can be taken up by humans when they consume higher life 
forms, like fish from the contaminated water (Connell et al., 1984; Herawati, 2000). 
 
A meagre elevation of metal quantities in natural waters may result in the subsequent sub lethal 
effects in aquatic organisms. Examples of these effect include histological and/or 
morphological change in living cells and tissue; physiological changes, such as growth and 
developmental repression. Changes in circulation, reduced swimming performance; 
biochemical changes such as enzyme activity and blood chemistry, reproductive and 
behavioural changes have also been noted (Connell et al., 1984). 
 
Numerous organisms possess the ability to adjust the metal quantities in cells and tissues. Fish 
and crustaceans have the ability to excrete essential metals like iron, copper and zinc that occur 
in greater quantities. Others also possess the ability to excrete metals such as mercury and 
cadmium that are non-essential metals. However, this is usually encountered with less success 
for most organisms (Connell et al., 1984). Bivalves for example often suffer from metal build-
up in polluted environs. A research by Connell et al. (1984) showed that bivalves and aquatic 
plants are not capable of effectively controlling metal adsorption. Therefore, bivalves in 
estuarine systems regularly serve as bio monitor organisms of supposedly polluted areas. Shell 
fishing waters are thus often closed in events that lead to the shellfish being unfit for human 
consumption because of elevated metal levels (Kennish, 2002). 
 
Aquatic plants are often less sensitive to copper, cadmium, nickel, lead, mercury and zinc 
compared to freshwater fish and invertebrates (USEPA, 1987). The organism and the metal in 
question will determine the rates of metal uptake. Phytoplankton and zooplankton, for 
example, have a high surface area to volume ratio and this frequently makes them capable of 
rapidly assimilating available metals. The physical and chemical physiognomies of the metals 
mostly determine the ability of fish and invertebrates to take them up (Kennish, 2002). There 
are three major pathways from which metals may access the systems of aquatic organisms. 
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Firstly, free metal ions can be taken up through respiratory surfaces and readily diffused into 
the blood stream for example gills. Secondly, free metal ions can be adsorbed onto various 
body surfaces and can passively diffuse into blood. Lastly, are metals that are adsorbed on 
foods and particules that might be consumed, as well as free ions downed with water, for 
example, chromium is not known to build-up in the bodies of fish, however its high 
concentrations, that accumulate due to the dumping of metal produce in surface waters, may 
cause harm the gills of fish that swim near the dumping site (Connell et al., 1984). 
 
2.5 Effects of heavy metals on the terrestrial environment 
Soil ecosystems have also been known to be affected by heavy metals. Plants that grow in 
such environments are the ones that mostly feel the effect of heavy metal pollution in soil. 
Decreased seed propagation and lipid quantities; reduced enzymatic activity; inhibition of 
photosynthetic processes, decreased chlorophyll production and plant growth that may be 
caused by cadmium, chromium, copper, mercury, nickel and lead, are some of the effects of 
heavy metals (Gardea-Torresdey et al., 2005).  
 
The impediment to plants’ growth, nutrient absorption, physiological and metabolic pathways, 
chlorosis and detriment to root tips, reduced water and nutrients absorption and impairment to 
enzymes could also result from the occurrence of high quantities of heavy metals in the soil 
(Sardar et al., 2013).While it may be subjected to the volume and composition of the effluent 
that is disposed off, the potential harmful effects of heavy metal tainted wastewater effluents 
on the quality of receiving water bodies are numerous (Owuli, 2003; Akpor & Muchie, 2011; 
Jarup, 2003). 
 
2.6 Factors influencing heavy metal uptake in plants 
The availability of heavy metals in the environment is widely affected by anthropogenic 
activities. Heavy metals affect physiological progressions like gaseous exchange, respiration, 
CO2 fixation and nutrient uptake. The uptake of heavy metals is not proportional to the 
cumulative concentrations. Factors such as the growing environment that includes 
temperature, soil pH, soil aeration, redox potential condition especially of water bodies, 
fertilization, antagonism amongst the different plant species, different categories of plants, 
their size, the root system, the accessibility of various elements in the soil, leaf type, moisture 
and plant energy resources affect the uptake of metals (Yamamoto & Kozlowski, 1987). A 
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decrease in accessibility of heavy metals, or metals to plants to the degree that the growing 
environment  concerned result from the increase in pH, specifically the environment turning 
more alkaline and reduction in Eh (redox potential) (Misra & Mani, 1991). Howbeit, the 
uptake and adsorption of a metal by a plant can be projected from the biological absorption 
coefficient under a given environmental condition as seen in equation 2. 
 BAC = [Mp] / [Ms]  (Equation 2: Fergusson, 1990; Misra & Mani, 1991)  
Where [Mp] is the concentration of the metal in the plant and [Ms] is its concentration in the 
soil (Fergusson, 1990). Nonetheless, in field soil environments, the association works best 
only when the concentration of the element is not too high (Shaw & Panigrahi, 1986). The 
levels of heavy metals in plants both terrestrial and aquatic vary largely due to the stimulus of 
environmental factors and the plant type (Wong, 1996). 
 
2.7 Bio-importance and bio-toxicity 
Heavy metals in surface and groundwater supplies are ranked as major inorganic pollutants in 
the environment because of their mobility in marine ecosystems and their toxicity to higher 
life forms. Although they may be present in dilute, untraceable quantities, their obduracy and 
consequent tenacity in marine bodies entail that natural processes such as biomagnification, 
concentrations may cause a rise in the concentrations of these metals to such a degree that they 
start displaying toxic physiognomies. Some metals are however not affected by any further 
biodegradative processes or bound in other complexes. This makes it possible for those metals 
to be detected in their elemental state. In both instances, metal ions cannot be mineralised 
(Atkinson, 1998). 
 
While heavy metals in high concentrations can be toxic to both flora and fauna, heavy metals 
like iron, copper, manganese, nickel, cobalt and zinc called essential micronutrients are 
essential elements for both plants and animals in low concentrations and quantities (Wintz et 
al., 2002). The accessibility of heavy metals in medium however varies (Reeves & Baker, 
2000) but if the absorption of these same metals is beyond the organism’s needs, it results in 
toxic effects (Monni et al., 2000; Blaylock & Huang, 2000). Those elements are also called 
trace elements or trace metals due to their presence in minute (10 mg kg-1) requirements in 
organisms. Though the essential heavy metals have biochemical and physiological roles in 
plants and animals, they can nevertheless also be toxic. They are involved in redox reactions 
and are essential parts and of components of several enzymes and enzyme complexes and this 
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forms two of the most important functions of essential heavy metals (Mahmood & Islam 2006; 
Nagajyoti et al., 2010).  
 
Copper for instance is an essential heavy metal required by higher plants and algae, 
predominantly for photosynthesis (Mahmood & Islam 2006; Nagajyoti et al., 2010). In 
photosystem 1 of plants, Cu is an integral component as a primary electron donor. It is also a 
cofactor of oxidase, mono- and di-oxygenase and of enzymes that play a part in the removal 
of superoxide radicals. This is because it can easily gain and lose an electron, for instance 
superoxide dismutase and ascorbate oxidase (Sreekanth, 2010). Cu in humans is mainly 
essential for the immune system, skeletal health, the nervous system, Fe metabolism and the 
development of red blood cells. It also forms part of redox systems and the scavenging of free 
radicals. It is involved in 12 metalloenzymes and a few genes which regulate Cu-dependent 
transcription factors. Gastrointestinal bleeding, haematuria, intravascular haemolysis, 
methaemoglobinaemia, hepatocellular toxicity, acute renal failure and oliguria however signal 
toxicity to Cu (Agarwal et al., 1993; ATSDR, 2004). 
 
Carbonic anhydrase, alcohol dehydrogenase, superoxide dismutase and RNA polymerase are 
some of the enzymes that contain zinc. This element is mostly needed to retain the integrity of 
ribosome. It plays a significant role in the formation of carbohydrates and catalyzes the 
oxidation processes in plants. Zinc, a cofactor of RNA polymerase; plays a structural role in 
most transcription factors. It is vital for DNA and protein synthesis, cell division and growth, 
as well as male and female reproduction and neurological functions (Hansch & Mendel, 2009). 
Impaired immune competence, increased prevalence of childhood infections, impaired growth 
and development especially among infants, children and adolescents are all the side-effects of 
Zn deficiency. Toxicological effects such as sideroblastic anaemia, leukopenia and 
hypochromicmicrocytic anaemia are largely attributed to zinc-induced copper deficiency. It 
was also reported that high levels of zinc may possibly disrupt the homeostasis of other 
essential elements (Stenhammar, 1999; Beutler et al., 2001). 
 
Nickel is another essential and important micronutrient that helps in iron adsorption, as well 
as adrenaline and glucose metabolism, hormones, lipid and cell membrane. It also improves 
bone strength and may also play a role in production of red blood cells in living organisms. It 
is a constituent of the enzyme urease, which is crucial for the effective operation of the enzyme 
and in this manner good health in animals. Disease such as cancer of lungs, nose and bone are 
 24 
 
caused by greater concentrations of nickel while acute poisoning of Ni (II) causes shortness 
of breath, rapid respiration and cyanosis (Al-Asheh & Duvnjak, 1997; Kadirvelu, 2003; 
Beliles, 1979). 
 
Chromium is vital in carbohydrate metabolism as a constituent of the glucose tolerance factor, 
a didnicotinic acid-glutathione complex, which augments the action of insulin (Martens & 
Chesterman, 1991). Contact with Cr causes painless skin ulcers while toxicity leads to serious 
dermatitis conditions. Chromium compounds can be sensitisers as well as irritants. This 
element is also recognised as a cancer causing agent in humans. Repeated exposure to Cr (VI) 
even in low-dose can lead to severe liver abnormalities, haematological toxicity and 
cardiovascular failure (ATSDR, 2013). 
 
Cobalt is a component of vitamin B12 which is only synthesised by bacteria in the rumen and 
is important in cells, like in the blood forming tissues of the bone marrow where active division 
takes place. It is a constituent of heme-containing protein such as hemoglobin, myoglobin and 
cytochrome, and many other non-heme iron-containing proteins with very important functions 
in many metabolic processes. Pernicious anaemia and severe effects on the nervous system 
are caused by a deficiency in this element (Martens & Chesterman, 1991). Lung and heart 
effects and dermatitis have been noticed after high level exposure to cobalt. Toxic effects to 
liver and kidney have also been observed (ATSDR, 2004). 
 
Iron is important in animal physiology as it is a vital part of haemoglobin which transports 
oxygen in red blood cells. Deficiency leads to anaemia and can also leads to increased 
absorption of potentially dangerous elements such as Cd and Pb. Internal organs, specifically 
the brain and the liver are damaged as a result of metabolic acidosis that is due to iron toxicity. 
When iron poisoning occurs, it can also result in hypovolemic shock caused by iron's powerful 
ability to dilate the blood vessels (Allen, 2002). 
 
Manganese is involved in the metabolism of amino acids, cholesterol and carbohydrates and 
in bone formation. It is a component of six important enzymes and affects the performance of 
other enzymes such as glycosyltransferases and xylosyltransferases which are involved both 
in bone formation and proteoglycan synthesis. It also acts as an enzyme activator (ATSDR, 
2012). It plays a vital role in reactions of enzymes such as mallic dehydrogenase and 
oxalosuccinic decarboxylase and is also required for water splitting at photosystem II and for 
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superoxide disumutase (Nagajyoti et al., 2010). Nervous system and reproductive effects are 
caused through the exposure to high levels of manganese (ATSDR, 2012). 
 
Selenium has antioxidant and anti-inflammation functions and is part of thyroid hormone 
metabolism. It has valuable detoxification properties and plays a critical role in the prevention 
of some infections. Se supplements are capable of preventing cardiomyopathy and osteopathy. 
Repeated oral exposure to high concentrations of selenium compounds can cause selenosis; a 
disease characterised by hair loss, nail brittleness and neurological defects (ATSDR, 2003). 
 
Cadmium is a cumulative toxin and does not have a recognized valuable function in the human 
body (Wang et al., 2013). Cd unlike the abovementioned element requires only lower levels 
of exposure to produce toxicity to the kidney. Toxicity has a detrimental effect to the proximal 
tubules of each nephron in a manner that is primarily shown by leakage of low molecular 
weight proteins and essential ions into urine (Satarug et al., 2000; Staessen, 1999; Lin et al., 
2005). Though high exposure levels could be the root of obstructive lung disease, cadmium 
pneumonitis, osteomalacia, osteoporosis, and increased blood pressure and myocardic 
dysfunctions, long term exposure in humans may lead to renal dysfunction (Duruibe et al., 
2007). The level of exposure to cadmium containing compounds may govern the symptoms 
inclusive of nausea, dyspnea, abdominal cramps, and muscular weakness. Pulmonary odema 
and death may result from severe exposure of this element (McCluggage, 1991; European 
Union, 2002; Young, 2005, Duruibe et al., 2007). 
 
Mercury is commonly seen as one of the most lethal metals in the environment. Upon mercury 
entering the food chain a large accumulation of mercury compounds occurs in organisms 
progressively. Industries such as batteries, thermometers, cosmetics, fluorescent light tubes, 
pesticides and pharmaceuticals (Krishnan & Sree, 2013) chlor-alkali, paints, pulp, oil refining, 
rubber processing and fertilizer are the main sources of mercury pollution in the environment. 
Teratogenic effects that cause deformities in the offspring, touching largely the nervous system 
are caused by methyl mercury. Mental retardation, cerebral palsy and convulsions have also 
been noticed in children (Kadirvelu & Namasivayam, 2003).  
 
Abnormal distribution of chromosome resulting from chromosome breaking and interference 
in cell division that is caused by genetic defects is one of the side-effects of mercury. It causes 
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chest pain and dyspnoea, disturbs pulmonary function and kidney by causing the two to 
malfunction (Beglund & Bertin, 2002). 
 
Lead effects can last a lifetime and are seen as a huge health threat especially towards children. 
Some of those effects include damage to the nervous system, child growth, and learning 
disabilities (Salem et al., 2000). Although it is pointed out that the bulk of lead ingested is 
eliminated from the human body through urine, there still is a risk of it accumulating 
particularly in children. A decrease in haemoglobin production, kidney, joint, reproductive 
and cardiovascular systems disorders and long-term damage in the nervous systems can be 
noticed in toxicity from lead accumulation (Nolan, 1983; Galadima, et al., 2010). 
 
2.8 Conventional treatment methods for the removal of heavy metals 
Several treatments for the heavy metal elimination from contaminated water are being used 
and can be divided into biological, chemical and physical processes. Nevertheless, physical 
and chemical processes are the most prominent in industry. Chemical precipitation, membrane 
filtration, ion exchange, reverse osmosis, electro dialysis, solvent extraction, evaporation, 
oxidation and activated carbon adsorption are often the conventional chemical and physical 
methods for heavy metal elimination used (Volesky, 2001; Volesky & Naja, 2007). 
 
2.8.1 Chemical precipitation 
This method involves the precipitation of metals by adding coagulants like lime, alum, iron 
salts and various organic polymers (Ramachandra et al., 2005). This process however 
produces great amounts of sludge containing toxic compounds which is considered the main 
drawback of this method. Commonly, heavy metals are chemically precipitated in the form of 
hydroxides through the use of lime or sodium hydroxide. Because of the low cost of 
precipitant, availability in most countries, the simplicity of pH control in the range of 8.0 –
10.0 and the excess of lime that can also be used as an adsorbent for the elimination of metal 
ions, lime is commonly preferred for precipitation purposes (Madhavi et al., 2013). Factors 
such as the ease of hydrolysis of the metal ion, the oxidation state nature, pH, presence or 
absence of complexing ions, time, agitation, settling and filtering characteristics of the 
precipitate determine the effectiveness of the process (Ramachandra et al., 2005). A great 
amount of chemicals are required to reduce metals to a tolerable level for discharge in chemical 
precipitation. Chemical precipitation has slow metal precipitation, poor settling, metal 
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precipitates aggregates and produces excessive sludge that requires more treatment (Aziz et 
al., 2008). 
 
Carbonate precipitation of metals uses calcium or sodium carbonate, however this method is 
found to be very limited (Ramachandra et al., 2005). Kim et al., 1997 reported improved 
results when cadmium and lead from electroplating effluents were precipitated using 
carbonate.  Remaining concentration of cadmium and lead were relatively low when the pH 
was brought to 7.5.  
 
Exceptional metal removal can be achieved by sulphide precipitation, seeing as the majority 
of the heavy metals form stable sulphides. When sulphide treatment is used for the polishing 
step after orthodox hydroxide precipitation, the method becomes more advantageous 
(Ramachandra et al., 2005). 
 
2.8.2 Xanthate process 
Insoluble starch xanthate (ISX) is obtained when cross linked starch is reacted with sodium 
hydroxide and carbon disulphide. Magnesium sulphate is also supplemented in order to give 
the consequential product its stability and improve the sludge settling rate. ISX works by 
removing the heavy metals from the wastewater and replacing them with sodium and 
magnesium. It therefore works like an ion exchanger. The average capacity of metal ion per 
gram of ISX is 1.1-1.5 meq (Tare et al., 1988). It is recommended for it to be added to the 
effluent at pH ≥ 3 and the pH should be permitted to escalate above 7 for optimum metal 
removal. Using that procedure, residual metal ion levels beneath 50 μg/L has been reported 
(Chang et al., 2002). Under dissimilar aqueous phase conditions, the effectiveness of soluble 
starch xanthate (SSX) for the exclusion of Cd (II), Cr (VI) and Cu (II) and insoluble starch 
xanthate (ISX) for Cr (VI) and Cu (II) have been established (Chaudhari & Tare, 1999). 
Insoluble starch xanthate appeared to have better binding ability for metals compared to 
soluble starch xanthate. The sequence of Cr (VI)>Cu (II)> Cd (II) and Cr (VI)> Cu (II) have 
been found for the binding ability of SSX and ISX respectively (Tare et al., 1988; Chang et 
al., 2002). 
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2.8.3 Flotation 
Flotation is a heavy metal removal method that uses bubble attachment to isolate heavy metals 
from a liquid phase. The chief flotation processes for the exclusion of metal ions from solution 
are dissolved air flotation, ion flotation and precipitate flotation. In dissolved air flotation 
micro-bubbles of air attaches to the suspended in the water, forming agglomerates that are 
lower in density compared to water. This causes the flocs to rise above the water and 
accumulate at the surface level where they can be taken out as sludge (Lundh et al., 2000). Ion 
flotation is the second method for heavy metal ions removal from wastewaters. The process 
involves rendering the ionic metal species in wastewaters hydrophobic by using surfactants 
and subsequently removing these hydrophobic species by air bubbles (Polat & Erdogan, 2007). 
Potential of ion flotation to get rid of cadmium, lead and copper from dilute aqueous solution 
with a plant-derived biosurfactant tea saponin was investigated by Yuan et al. (2008). The 
utmost removal of Cd, Cu and Pb can attain is 71.17%, 81.13% and 89.95% respectively. 
Another option of the flotation method, which has its basis on the formation of precipitate and 
later removal by attachment to air bubbles is the precipitate flotation process. The precipitation 
may continue through metal hydroxide formation or as a salt with a specific anion depending 
on the concentration of the metal solution (Capponi et al., 2006). 
 
2.8.4 Solvent extraction 
The introduction of selective complexing agents led to routine use of the liquid-liquid 
extraction or solvent extraction of metals from solutions on a large scale in waste reprocessing 
and effluent treatment. Solvent extraction encompasses an organic and an aqueous phase 
whereby the aqueous solution that contain the metals is mixed with the right organic solvent. 
This causes the metal to be transferred into the organic phase (Ramachandra et al., 2005). The 
recovery of the extracted metal involves contacting the organic solvent with an aqueous 
solution whose composition allows for the metal to be uncovered from the organic phase and 
to be re-extracted into the stripping solution. The final concentration of the metal in the strip 
liquor may be hundred times over that of the initial metal solution. Upon the retrieval of the 
metal of interest, the organic solvent is reprocessed after a fraction of it has been treated to 
eradicate contaminants (Ramachandra et al., 2005; Bojic et al., 2009). 
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2.8.5 Membrane process 
The ability of membrane filtration to remove suspended solids, organic compounds and also 
inorganic pollutants such as heavy metals makes it extensively useful for the treatment of 
inorganic effluent. There are varying types of membrane filtration such as ultrafiltration, 
nanofiltration and reverse osmosis that can be engaged for heavy metal removal from 
wastewater subject to the size of the element that can be retained (Fei et al., 2005).  
 
Reverse osmosis and eletrodialysis are pivotal models of membrane process relevant to 
inorganic wastewater treatment. These processes include ionic concentrations that use a 
selective membrane with a specific driving force. In order to start the transport of solvent 
through a semipermeable membrane, pressure difference is used for reverse osmosis and 
electro dialysis depending on ion migration via selective permeable membranes in response to 
a current applied to electrodes. The need for pre-treatment, primarily, for the elimination of 
suspended solids limits the application of the detailed membrane process. Due to the cost and 
sophistication of the methods, higher levels of technical proficiency to run these methods are 
required for the long term stability of the membranes. The effective fragmentation of 
microspheres for product recovery is one of the challenges often encountered with emulsion 
membranes (Ramachandra et al., 2005).  
 
Based on the pore size which is between 5–20 nm and molecular weight of the extrication 
compounds that are between 1000 – 100,000 Da, ultrafiltration (UF) makes use of permeable 
membrane to separate heavy metals, macromolecules and suspended solids from inorganic 
solutions. These unique characteristics of ultrafiltration permit for the channel of water and 
low-molecular weight solutes, however preventing the macromolecules, which are bigger in 
size compared to the pore size of the membrane (Owlad et al., 2009). 
 
2.8.6 Coagulation and flocculation 
Coagulation, sedimentation, flocculation and filtration can also be used to eliminate heavy 
metals from wastewaters. Coagulation is the destabilisation of colloids by counteracting the 
forces that keep them away from each other. Aluminium, ferrous sulfate and ferric chloride 
are the most common coagulants used in the conventional wastewater treatment processes. 
This results in the effective elimination of wastewater particulates and contaminant such as 
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heavy metals by charge neutralization of particles and by enmeshment of the contaminant on 
the unstructured metal hydroxide precipitates (El Samrani et al. 2008).   
 
Flocculation is the feat of polymers to create bridges between the flocs and bind the particles 
to form large agglomerates. When particles aggregated into larger particles, get suspended 
they are generally detached or separated by filtration, straining or floatation. Though polyferric 
sulfate and polyacrylamide are the most common flocculants and are commonly used in the 
treatment of wastewater to meritoriously remove heavy metal, macromolecule heavy metal 
flocculants are also used (Chang et al. 2009). Flocculants of Konjac-graft-poly (acrylamide)-
co-sodium xanthate (Duan et al., 2010) and polyampholyte chitosan by-products e N-
carboxyethylated chitosans are also used to eliminate heavy metals (Bratskaya et al., 2009). 
 
2.8.7 Ion exchange 
One of the most universally used approaches of heavy metal removal from effluent is ion 
exchange. Ion exchange is a procedure in which mobile ions from the solution of interest are 
substituted for ions that are electrostatically bound to the functional groups contained within 
a solid matrix (International Atomic Energy Agency Vienna, 2002). Different resins are 
available for selective metal ions. The cations are substituted for hydrogen or sodium and 
anions for hydroxyl ions. Ion exchange resins are acquired from the polymerisation of organic 
compounds into a three dimensional structures resulting in synthetic polymer resins. Ion 
exchange resins are categorised as cationic or anionic depending on whether they exchange 
positive or negative ions. Acidic functional groups, such as sulphonic groups are components 
of cation exchange resins, whereas anion exchange resins have basic functional groups like 
amine. Nonetheless, other natural materials such as zeolites may be utilized as ion exchange 
media. The modified zeolites such as zeocarb and chalcarb have superior affinity for metals 
such as Ni and Pb (Groffman et al., 1992). 
 
High cost and the need for appropriate pre-treatment systems seem to be the primary limiting 
factors on the use of ion exchange for inorganic effluent treatment. The matrix easily gets 
fouled by organics and other solids in the wastewater. This makes it unable to handle 
concentrated metal solution. Furthermore, ion exchange is nonselective and extremely 
sensitive to the pH of the solution. Though ion exchange is able to provide metal ion 
concentrations to parts per million levels; it is almost ineffective in the presence of large 
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amounts of competing mono-and divalent ions such as Na and Ca (Schiewer et al., 1995; 
Kurniawan et al., 2006). 
 
2.8.8 Electrodeposition 
The use of insoluble anodes through electrodeposition, allows for the recovery of some metals 
available in waste solution. Another technology used to do away with metals from process 
water streams is electrolytic recovery or electro-winning. In this process, electric currents are 
moved through an aqueous solution comprising of heavy metals in which a cathode plate and 
an insoluble anode are found. The result of the process is a metal deposit that is obtained by 
the positively charged metallic ions clinging to the negatively charged cathodes. That metal 
deposit left behind is strippable and recoverable. A perceived drawback of this process is the 
fact that electrodes frequently have to be replaced due to corrosion. This could become a 
significant limiting factor (Ramachandra et al., 2005; Kurniawan et al., 2006). 
 
2.8.9 Adsorption 
The use of activated carbon for the adsorption of hexavalent chromium, complexed cyanides 
and heavy metals existing in various forms of wastewaters has been seen as an option. The 
quality of this later is attributed to the fact that activated carbon possesses an attraction for 
heavy metals. The use of activated carbon for the adsorption of heavy metals was first 
presented by Watonabe and Ogawa (1929). Wastewaters containing lead and cadmium are 
commonly treated with granular activated carbon columns (Reed et al., 1994). The removal 
of heavy metals from aqueous solutions are also being done by granular activated carbon, 
however the presence of contaminants such as humic acid, iron, aluminium and calcium can 
hinder the adsorption process (Cheng et al., 1993). 
 
2.8.10 Chemical reduction 
Electro-chemical units are able to induce the reduction of hexavalent chromium. Trivalent 
chromium, as in the equation following can be obtained by reacting ferrous ions obtained from 
consumable iron electrodes and an electric current in the electrochemical chromium reduction 
process with hexavalent chromium (USEPA, 1979). 
3Fe2+ + CrO42- + 4H2O  3Fe3+ + Cr3+ + 8OH- 
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The use of sodium borohydride, is considered as an effective tool for the removal of silver, 
mercury, cadmium, lead and gold and is another application of the reduction process 
(Kurniawan et al., 2006). 
 
2.8.11 Cementation 
The supplanting of a metal from solution by a metal higher in the electromotive series is called 
cementation. It proposes a striking opportunity for remediating any wastewater containing 
reducible metallic ions. In practice, in order to ensure adequate cementation capability, a 
significant spread in the electromotive force between metals is required. Scrap iron is the metal 
frequently used due to its low cost and readily accessibility. Cementation requires long contact 
time which turns to be suitable especially for small wastewater flow. The precipitation of 
copper that emanates from printed etching solutions and the reduction of chromium in 
chromium plating and chromate-inhibited cooling water discharges are instances of 
cementation in wastewater treatment (Ahluwalia et al., 2007).  
 
2.8.12 Evaporators 
Evaporators are used mainly to saturate and recover valued plating chemicals in the 
electroplating industry. The water collected from rinse stream is sufficiently boiled to sanction 
the concentrate to be taken back to the plating bath in order to recover it. It is also possible to 
recover condensed steam for recycle as rinse water with many of the evaporators being used. 
The rising film evaporators; atmospheric evaporators, flash evaporators and submerged tube 
evaporators are the types of evaporators used in the electroplating industry. Both capital and 
operational costs involved in the evaporative recovery systems are high. In order for 
evaporative recovery to become economically feasible, chemical and water reuse values need 
to offset these costs (USEPA, 1979; Daneshvar, 2012). 
 
2.9 Advantages and Disadvantages of some of the conventional 
methods for treatment of wastewater 
Table 2.2 highlights some of the many advantages and disadvantages encountered with the 
various conventional methods for the elimination of heavy metal ions from aqueous wastes. 
The fact that precipitation is not selective and ferric ions existing in the liquid effluent will 
first be precipitated before other metals makes chemical precipitation and electrochemical 
treatments inefficient. Furthermore, those kind of treatments harvest large amounts of sludge 
 33 
 
that also needs to be treated further. Though ion exchange membrane technologies and 
activated carbon adsorption processes are effective in sequestering metal ions from water 
environments, they are nonetheless exceptionally costly. The search for new cost effective 
technologies for the removal of heavy metals from wastewater has been directed towards low 
cost adsorbents (biosorbents) from animal and plant wastes (Talouizite et al., 2013; Kobya et 
al., 2005; Basci et al., 2004) since the metal hydroxide sludge emanating from treatment of 
electroplating wastewater has been categorised as a harmful waste (Volesky, 1990; Volesky 
& Naja, 2007). Table 2.3 shows the performance characteristics of various heavy metal 
removal /recovery technologies (Volesky & Naja, 2007). 
Table 2.2: Advantages and disadvantages of conventional metal removal technologies 
(Ghazy et al., 2008).  
Method  Disadvantage Advantage 
Chemical precipitation For high concentrations 
Problematic separations 
Generates sludge’s 
Simple 
Cheap 
Chemical 
oxidation/reduction 
Chemicals required  Mineralisation 
Electrochemical For high concentrations 
Expensive 
Metal recovery 
Ion exchange Sensitive to particles  
Expensive 
Effective  
Metal recovery 
Evaporation Expensive 
Generates sludge’s 
Pure effluent 
Reverse osmosis High pressures  
Membrane scaling 
Expensive 
Pure effluent 
Hybrid methods 
(flotation-filtration) 
Further research Low operating costs  
High membrane 
fluxes 
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Table 2.3: Performance characteristics of various heavy metal removal /recovery 
technologies (Volesky & Naja, 2007). 
Technology pH 
change 
 
Metal 
selectivity 
 
Influence of 
suspended 
solids 
 
Tolerance of 
organic 
molecules 
 
Working 
level for 
metal 
(mg/I) 
Adsorption, 
e.g. 
Granulated 
Activated 
carbon 
Limited 
tolerance 
Moderate   Fouled Can be poisoned <10 
Electro 
chemical 
Tolerant      Moderate Can be 
engineered to 
tolerate 
Can be 
accommodated 
>10 
Ion 
exchange 
Limited 
tolerance 
Chelate resins 
can be 
selective 
Fouled Can be poisoned <100 
Membrane Limited 
tolerance 
Moderate Fouled Intolerant >10 
Precipitation      
(a) 
Hydroxide 
Tolerant Non-selective Tolerant Tolerant >10 
(b) Sulphide Limited 
tolerance 
Limited 
selective pH 
dependent 
Tolerant Tolerant >10 
Solvent 
Extraction 
Some 
systems 
pH 
tolerant 
Metal selective 
extracts 
available 
Fouled Intolerant >100 
 
2.10 Biological remediation methods 
In order to increase the competitiveness of industrial processing operations, it is indispensable 
to develop and employ cost-effective process for removal and/or recovery of metals. The 
necessity for further economical and effective procedures for the recovery of metals from 
wastewaters and drawbacks lead to the need to develop alternative separation technologies 
(Volesky & Naja, 2007). 
 
The implementation of passive treatment methods has been the tendency in recent years.  
Passive treatment methods exploit naturally occurring geochemical and biological processes 
to enhance water quality with the least amount of operations and maintenance needs. The use 
of microorganisms such as fungi, algae, bacteria, live or dead plants and biopolymers are all 
part of biological elimination that may offer an appropriate way for heavy metals treatment 
from wastewater (Abbas et al., 2014). 
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2.10.1 Phytoremediation 
Phytoremediation is a biological process whereby plants play a crucial role as they break down, 
reduce, degrade and get rid of contaminants from the soil using several parts, like the root, cell 
wall, leaves, stomata and the shoot (USEPA, 2000; Rajendran et al., 2003; Sharma, 2012).  
 
Utilisation of green plants allows for the in-situ treatment of pollutants. These kind of plants 
possess the advantage of accumulating and degrading constituents of such pollutants. 
Rhizofiltration, phytostabilization, phytoextraction, phytovolitazation, phytodegradation and 
rhizodegradation are the most popular phytoremediation processes used (Raskin et al., 1997; 
Lombi et al., 2001). 
 
Terrestrial and aquatic plants have the ability to sorb, concentrate and precipitate toxic metals 
and organic compounds from wastewater effluents through rhizofiltration (phytofiltration). 
The technique entails the destruction of organic pollutants by improved microbial activity in 
the plant root zone and is taken up by the root surface or by the plant root. The efficiency of a 
plant root to produce chemicals is the basis of the technique. Factors like the biogeochemical 
condition, which may result in the precipitation of this metal to the surface of the root results 
from both the exudates of the root and a change in pH of the rhizosphere (Hooda, 2007).  
 
Phytostabilization otherwise called inplaced inactivation or phytoimmobilization is another 
technique where a barrier mechanism against direct contact with polluted soil is supplied by a 
plant root that restricts the mobility and biological availability of a pollutant to the soil 
(Schnoor, 1997). Trees are the ideal candidates for phytostabilization, as they transpire large 
quantities of water for hydraulic control. Grasses with fibrous roots also help to bind the 
pollutant (Sinha et al., 2010). 
 
The mechanism of phytoextraction involves the translocation and concentration of metals, 
radionuclides and non-metals in the root of plants that have metal-accumulating abilities, 
before translocating them to the shoots or leaves of that same plant (Asha & Sandeep, 2013). 
Metal acquisition, transport and shoot accumulation are the biological processes involved in 
phytoextraction. While the removal of some heavy metals can be done by the addition of 
chelating agents, like ethylene diamine tetra acetate (EDTA) to the soil, others in some 
instances, may be bound to soils and root masses through rhizofiltration. Plants species that 
 36 
 
have been implicated in phytoextraction of heavy metals are sunflowers and mustards (Raskin 
et al., 1997). 
 
Also, another approach that involves a pollutant being detached by converting it from its 
original medium to the atmosphere is phytovolatilization. The technique involves the ability to 
absorb a contaminant that is water soluble and free it to the atmosphere without the need of 
collecting or disposing of it with the use of plants. Metals, such as selenium and mercury have 
been documented to form volatile molecules that may be released in air by various plants 
(Ghosh & Singh, 2005).  
 
Nevertheless, there is a breakdown of organic pollutants absorbed by a plant into simpler 
molecules during phytodegradation or phytotransformation. Plant enzymes breakdown and 
metabolise the pollutant and discharge it in the rhizosphere. The contaminant can go through 
added active transformation (Sinha et al., 2009). The plant releases natural substances via its 
roots thus supplying nutrients to microorganisms that may in turn enhance biological 
degradation. This technique is called phytostimulation or rhizodegradation. In this technique, 
an surge in number and activities of microorganisms is accomplished by the possibility of the 
plant secreting exudate (amino acid, organic acid, fatty acid, sterol, growth factors and other 
compounds) (Meers & Tack, 2004; Akpor & Muchie, 2010). 
 
2.10.2 Microbial remediation 
Microorganisms can interact with minerals and metals in natural and synthetic surroundings. 
This modifies their physical and chemical states with the possibility of microbial growth, 
activity and survival being affected by metals and minerals. Additionally, many minerals are 
able to form biominerals that are of international geological and industrial significance because 
of their biogenic origin.  Microbes can in some way react with all the elements present in the 
periodic table and this includes actinides, lanthanides, and radionuclides. Depending on the 
context and environment, the elements may be accrued or be related to microbial biomass 
(Macek et al., 2009).  
 
Microbes have a transport system for essential metals while nonessential metal classes can also 
be absorbed. They are also able to mediate metal and mineral bioprecipitation through 
metabolite manufacture, altering the physico-chemical microenvironment around the biomass 
as well as the indirect discharge of metal-precipitating materials from other events such as 
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phosphate from organic decomposition and/or phosphate mineral solubilisation. Many soluble 
and insoluble metal species can be sorbed, bound or entrapped in microbial cell walls, outer 
layers, and exopolymers. While chemical activity of structural components can mediate redox 
transformations; some however are also widespread in microbial metabolism (Uhlík et al., 
2009; Macek et al., 2009). 
 
The type of detoxification and transformation of metal mechanisms used is determined by the 
organisms from a higher level and the cellular environment. Those mechanisms can be reliant 
on or independent of metabolism. The transport phenomena leading to lessened uptake and 
efflux may involve various mechanisms. Redox transformations, intracellular chelation and 
intracellular precipitation may be affected by various specific or non-specific mechanisms. 
Biomineral formation or biomineralization that might be biologically triggered may be caused 
by physio-chemical environmental modifications facilitated by the microbes, or it can also be 
biologically controlled. Extracellular accumulation; cell surface sorption or complexation; and 
intracellular accumulation are the mechanisms by which microorganisms eliminate metals 
from solutions (Muraleedharan et al., 1991). While intracellular accumulation necessitates 
microbial activity; extracellular accumulation and precipitation among other mechanisms, may 
be assisted by means of feasible microorganisms, cell-surface sorption or complexation which 
can use active or lifeless microorganisms (Asku et al., 1991). 
 
Looking at the cost and the end product of the process, it is found that the use of microbial 
communities is of significance as the process is cost efficient and the final products are 
harmless (Ahmedna et al., 2004). Through reduction, build up, mobilisation or immobilisation, 
the microorganisms alter the metal chemistry and mobility during pollutant elimination (Faryal 
& Hameed, 2005). According to Gupta et al. (2000) and Dias et al. (2002), bacteria (like 
Anthrobacter, Bacillus sp, Cupriavidus metallidurans, Citrobacter, Cyanobacteria, 
Pseudomonas aeruginosa, Enterbacter cloacae, Streptomyces sp, Zoogloe aramigera, 
Sphingomonas), Alcaligenes, Rhdococcus, Mycobacterium and Arthrobacter) and fungi (like 
Aspergillus tereus, Penicillium chrysogeum,Candida utilis, Hamsenula anomala and 
Rhodotorula mucilaginosa) are the main groups of microbes that have been associated with 
heavy metal remediation. Besides bacteria and fungi, certain protozoa, such as Euplotes 
mutabilis and algae, such as Oscillatoria sp, Chlorella vulgaris and Chlamydomonas sp have 
been stated to possess metal reducing proficiencies (Kamaludeen & Ramasamy, 2006). The 
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microbial remediation of toxic metals transpires via two ways namely direct and indirect 
reduction (Sinha et al., 2010). 
 
Bioaugmentation and biosorption are the two main forms of microbial remediation. 
Bioaugmentation necessitates the introduction of the microbial strains that possess high 
degradative ability to succour the indigenous microbe in the degradation process of the polluted 
environment. This is the form commonly used in municipal wastewater to start anew the 
activated sludge bioreactor (Sinha et al., 2010). Biosorption, however, requires the 
immobilisation of metals by microbial cells. This procedure entails the confiscation of a 
positively charged heavy metal ions to the negatively charged microbial cell membranes and 
the secreted polysaccharides (Sinha et al., 2009). Microbial precipitation, complexation, ion-
exchange and intracellular build-up can be the basis for the mechanisms of heavy metal 
removal from wastewater by microorganisms (Volesky, 2000; Ademiluyi, 2009).  
 
The interaction amongst metal ions and reactive groups trailed by inorganic deposition of 
amplified amounts of metal are the first stage of the metal binding. Metal deposit on carboxyl 
groups of glutamic acid of peptidoglycan which is the main site for that purpose. Some bacteria 
may acquire the most important proportion of total uptake through metabolism-independent 
biosorption. Metal deposition may be enhanced by a metabolism-dependent 
microenvironment. Algae cell walls have the most metal binding sites, which include 
polysaccharides, uronic acid, cellulose and proteins. Metabolism-independent binding of metal 
ions to the cell walls that takes place in fungi and yeasts is generally quick and allows them to 
bind high amount of metals (Zouboulis et al., 1997 Ajmal et al., 1996; Dilek et al., 1998). 
 
Biosparging, also known as air sparging, is a strategy employed to enhance biological 
degradation of pollutants. Biosparging involves the introduction of air by injection pressure to 
the water to improve the activation of oxygen quantities by the microorganism, this then can 
enhance the biological degradation of pollutants. Air sparging induces the volatilisation of 
pollutants from the liquid to the vapour phase separate from the promotion of aerobic bacterial 
growth (Sharma, 2012). 
 
Bioaccumulation can trigger toxicity in the presence of high metal concentrations and may 
cause the death of the organisms. This is considered the biggest problem with the use of 
bioaccumulation. Feasibility studies on large-scale applications showed that, bioaccumulative 
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processes are less applicable than biosorptive as living systems that engage in active absorption 
often require the addition of nutrients as they are going through bioaccumulative processes. 
This consequently increases the biological oxygen demand (BOD) or the chemical oxygen 
demand (COD) in the effluent (Brown & Lester, 1982). Moreover, metal toxicity and other 
incompatible environmental factors render the preservation of healthy microbial population a 
challenging task. Metals may also be intracellularly bound and metabolic produce may make 
complexes with metals to keep them in solution; this restricts the potential for desorptive metal 
recovery (Ajmal et al., 1996; Dilek et al., 1998, Duncan, 2010). 
 
2.10.3 Biosorption 
Biosorption is a process whereby heavy metals are removed through a passive binding process 
with non-living microorganisms including bacteria, fungi, and yeasts (Parvathi et al. 2007) and 
other biomass categories that are adept in effectively accumulating and concentrating metals 
from very dilute aqueous solutions (Gadd, 1993). It is an alternative to phytoremediation and 
microbial degradation (Parvathi et al. 2007). The following advantages are reported regarding 
biosorbents: selective elimination of metals over a wide range of pH and temperature, a variety 
of metal affinities that can eliminate an assortment of metal cations, a rapid kinetics of 
adsorption and desorption and low operation cost, high efficiency for dilute concentration 
solutions, a negligible amount of chemical or biological sludge, no supplementary nutrients 
required and the possibility of biosorbent recycling and metal recovery (Vilar et al., 2007). 
Constituents of these biomaterials are mostly proteins, carbohydrates and phenolic compounds 
and have functional groups such as carboxyls, hydroxyls and amines that are capable of 
attaching to the metal ions. These functional groups are responsible for the sorption of heavy 
metals onto these biomaterials (Choi & Yun, 2006). Biosorbents can be made up of dead 
biomass consisting of different types of microorganisms that can be used as biosorbents or 
produced using cheap growth media or otherwise acquired as a by-product from industries 
(Ahluwalia & Goyal, 2007). 
 
A biosorbent that is plentiful in nature, requiring little processing, has lost its economic or 
additional processing values or is a derivative or waste material from a different industry, can 
be assumed to be “low cost”. The degree of processing mandatory and local availability of the 
individual sorbents determines the cost (Ramachandra et al., 2005). Some of the low-cost 
sorbents reported so far are shown in Table 2.4. 
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Table 2.4: Reported adsorption capacities for several miscellaneous sorbents 
Material Source Cd Cr Hg Pb Ni Zn Cu 
Dry pine needles Masri et al., 1974   x     
Dry redwood leaves Masri et al., 1974   x     
Dyed bamboo pulp Shukla & Sakhardande, 
 
 1992 
  x x    
Undyed bamboo pulp Shukla & Sakhardande, 1992   x x    
Dyed jute Shukla & Sakhardande, 1992   x x    
Undyed jute Shukla & Sakhardande, 1992   x x    
Dyed sawdust Shukla & Sakhardande, 1992   x x    
Milogranite(activated
sewage sludge) 
Masri et al., 1974   x x    
Modified wool Masri & Friedman, 1974 x x x x    
Moss Low & Lee, 1991 x       
Senna leaves Masri et al., 1974  x      
Unmodified jute Shukla & Pai, 2005     x x x 
Papaya wood Saeed et al., 2005 x     x x 
Activated carbon 
from apricot stone 
Kobya et al., 2005 x x  x x  x 
Lignocellulosic fibres  Shukla et al.,2005     x x  
Carbon aerogel Meena et al.,2005 x   x x x x 
Dye loaded 
groundnut 
shells 
Shukla & Pai, 2005     x x x 
Siderite Erdem & Özverdi, 2005    x    
 Diatomite  Khraisheh et al., 2004 x   x   x 
Wheat shell Basci et al., 2004       x 
Wheat bran Farajzadeh et al., 2004 x x x x x  x 
Tea industry waste Cay et al.,2004 x      x 
Sawdust of 
Psylvestris 
Taty-Costodes et al., 2003 x   x    
Cork biomass Chubaraet al.,2003     x x x 
Cocoa shells Meunier et al., 2003    x    
Vermicompost Matos & Arruda, 2003 x   x  x x 
Peanut hulls Johnson et al., 2002       x 
Peanut pellets Johnson et al.,2002       x 
Activated carbon 
derived frombagasse 
Mohan & Kunwaingh, 2002 x     x  
Papaya seed Grassi et al., 2012  x      
Rice husk (water 
washed) 
Grassi et al., 2012 x       
Bael fruit shell Grassi et al., 2012       x 
Lignin( extracted 
from black liquor) 
Uddin et al., 2009    x  x  
Granular blast 
furnace Slag 
Rafatullah et al., 2010  x      
Jute fibres(treated 
with Reactive Orange 
13) 
Rane et al., 2008      x  
Bagasse Ngah et al., 2008  x      
Sheep manure waste Munther & Kandah, 2001      x  
Carrot residue Nasernejad et al., 2005  x    x x 
Fly ash Ngah et al., 2008   x     
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Certain materials such as waste products, natural materials and biosorbents have been assessed 
and proposed for metal removal. Non-conventional adsorbents have potential as they are 
always available, low-cost and efficient sorbents for both heavy metals. High capacity and rate 
of adsorption, high selectivity for various concentrations, and also rapid kinetics are some of 
the advantages that make them exceptional materials for environmental purposes (Apiratikul 
& Pavasant, 2008). There is thus a need to look for feasible non-conventional cheap adsorbents 
to meet the increasing demand of environment clean-up attributable to the greater quantum of 
heavy metals in the environment, regardless of the number of available laboratory data 
(Ramachandra et al., 2005). 
 
2.10.3.1 Factors affecting biosorption 
Initial metal ion concentration, contact time, temperature, pH and biomass concentration in 
solution are the major factors that affect the biosorption processes (Das et al., 2008). All of 
these factors come together depending on the contact time available for the active sites to be 
saturated. Aksu et al. (1992) reported that temperature in the range of 20 to 35 degrees does 
not have an effect on the biosorption process but decreases with an increase of temperature 
above a critical value. The metal ions kinetic energy may increase as the temperature increases, 
which would make it easier for the metal ions to be attached to the biosorbent surface. Research 
carried out by Sag and Kutsal (2000) has shown that the binding of ions to the biosorbent 
surface at low temperature is quicker and reversible because of low requirement of energy. 
 
 Of great importance in sorption of metals ions is pH. pH affects the solution chemistry of the 
metals, more especially with the speciation of the metal , the activity of the functional groups 
and the state of the active site on the biosorbent material. The physical biomass may also be 
affected, as pH may cause a structural change to the biosorbent material. (Friis & Myers‐Keith, 
1986, Galun et al., 1987). It is generally agreed that the biosorption of metal cations like Pb, 
Mn, Al, Co, Cd, Zn and Ni increases with an increase in pH, however metals ions that have a 
tendency to form strong covalent bonds such as Hg, Ag, Au may show a reduction in binding 
with increasing pH or pH may have no significant effect (Ramelow et al., 1992; Volesky & 
Holan, 1995; Schiewer & Patil, 2008; Sen et al., 2016). Therefore, pH is seen as a central 
parameter in the biosorption process 
 
The biosorbent concentration is another factor that may affect biosorption. As the biosorbent 
dosage increases, the metal uptake proportionally increases, as a result of the increase in the 
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surface area of the adsorbent which in turn increases the number of sites available for binding 
(Aravind et al., 2015). Particulate matter concentration in solution appears to intervene in the 
exact absorption, for low values of the particulate matter concentration in the solution seems 
to intervene between binding sites (Das et al., 2008). 
 
The metal concentration plays a pivotal role in the sorption process. At higher initial metal ion 
concentrations the amount of adsorbed ions is greater than the amount at lower concentrations 
since there are more binding sites for interaction, thus there is a greater driving force at higher 
concentrations between the solid and liquid interface which may enable mass transfer (Iram & 
Abrar, 2015). It is also of note that other sorbable ions in the solution possibly will compete 
with the metal ion of interest for the different surface sorption sites thus the binding of the 
metal ion of interest is lowered however the amount of inhibition would also depend on the 
binding strength of the different metal ions to the biomass (Zheng et al., 2015).  
 
2.11 Eggshells as a biosorbent 
The egg-shell is constituted of a number of layers of calcium carbonate. The mammillary layer 
is the innermost layer measuring close to 100 µm and grows on the outer egg membrane. The 
innermost layer creates a base upon which the palisade layer is created to constitute the thickest 
part of about 200 µm of the egg-shell. The top layer is the vertical layer that is about 5-8 µm 
and is enclosed by the organic cuticle (Chojnacka, 2005). 
 
The porosity of eggshell (Figure 2.2) renders it as a remarkable material to be used as an 
adsorbent (Koumanova et al., 2002). The eggshell characteristically consists of ceramic 
material namely the cuticle on the outer surface, a spongy (calcareous) layer and an inner 
lamellar (or mammillary) layer, arranged in a three-layered structure. More than 90% of the 
material in eggshell is represented by the spongy and mammillary layers that forms a matrix 
composed of protein fibres bonded to calcite (calcium carbonate). The eggshell is an efficient 
adsorbent because the two layers are fashioned in such a way that there are many circular 
pores. The expansion of studies aiming at the calcium supplement and other nutritional sources 
from the albumin, membrane and matrix of the eggshell, which was treated by crushing and 
milling to get fine particles (flours) for animal use in 1970 aroused the use of the eggshell by-
products (Schwarz & Contescu, 1999). 
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Figure 2.2: Scanning electron microscope image of a chicken eggshell (Carvalho et al., 
2011) 
 
Developing countries rely on expensive imported technologies and chemicals for the treatment 
of their effluent. The answer to the snowballing dilemma of treatment of effluents seems to be 
the use of indigenously produced treatment techniques and local chemicals, or the use locally 
available non-conventional materials to treat pollutants. As a result, attention has been drawn 
to the use of suitable low cost technology for the treatment of wastewater in developing 
countries in recent years (Ramachandra et al., 2005). Cost effective pre-treatment procedures 
with appropriate materials based on proper understanding of the metal biosorbent mechanisms 
are gaining magnitude importance hence the purpose of this study. 
 
Rohaizar et al. (2013) showed in their work with eggshells, upon the optimisation of 
parameters like pH, agitation rate and contact time, that pH 7 and an optimum agitation rate 
of 350 rpm were ideal for Cu (II) elimination from water. However, Putra et al. (2014) in their 
study found that for batch adsorption studies, pH 6.0, and 0.1 g biomass dosage and at 90 min 
equilibrium time were optimum biosorption conditions for the elimination of Cu (II) and Zn 
(II) ions from aqueous solutions. Zulfikar and Setiyanto (2013) in a study investigating the 
adsorption of Congo red dye, observed that the optimum uptake of Congo red onto powdered 
eggshell took place at initial concentration of 20 mg/L, pH 2, contact time of 20 minutes and 
the adsorbent dosage of 20 g. Additionally, the size of powdered eggshell particle had no major 
effect on the adsorption of Congo red. Agarwal (2013) focused mainly on evaluating varying 
concentrations (5, 10, 20, 40, 100 mg/L) of Pb and Cu; this study demonstrated a 92% to 100% 
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removal of Cu when 0.5 to 1.5 g of eggshells (adsorbents) was used against 5 and 10 mg/L of 
Cu; and an adsorption efficiency of 80% to 100% for Pb at the same solution concentration. It 
is of note that the study showed increased concentration of heavy metals and the adsorption 
efficiency decreased. Kumaraswamy et al (2015) however focused on the process parameters 
of contact time, initial concentration, adsorbent dose, and particle size in the adsorption of Cr+6   
concluded that a contact time of 135 minutes was sufficient to reach equilibrium. The increase 
in the initial concentration of chromium decreased its adsorption. Increasing particle size of 
eggshell powder decreased the adsorption of chromium and finally the amount of adsorbate 
adsorbed increases with increased adsorbent dose. Most of the researches reviewed so far have 
focused primarily on the biosorptive efficiency of eggs on one or two heavy metals. The 
current study will therefore compare eggshell biosorptive efficiency against different heavy 
metals (Cd (II), Ni (II) Cu (II) and Zn (II)) alone in an optimisation study and a vast array of 
metals in acid mine drainage.
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Chapter 3: Materials and methods 
 
3.1 Preparation of adsorbent 
Chicken eggshells were collected from the bakery of a local supermarket located in Midrand, 
South Africa and washed several times with distilled water to remove dirt particles. Following 
the method of Kumaraswamy et al. (2015), the eggshells were dried for three hours in an oven 
at 150 ºC and then allowed to cool to 24 ºC (room temperature). The dried eggshells were 
ground into small particles using a coffee grinder and screened through a metal sieve to a 
geometrical particle size of 80 – 210 μm which were then stored at room temperature in an 
airtight container for future use. 
3.2 Adsorbate solution preparation 
Metal stock solutions of Pb2+, Cu2+, Ni2+ and Zn2+ of 200 ppm were prepared by dissolving 
319.70 mg, 760.34 mg, 990.94 mg and 910.00 mg of Pb(NO3)2, Cu(NO3)2,  Ni(NO3)2 and 
Zn(NO3)2 salts respectively in 1000 ml deionised water. The stock solutions were 
subsequently diluted to the required concentrations (30, 60, 90, 120, 150, 180 and 200 ppm) 
using deionized water. All chemicals used in the experiments, including NaOH and HCl were 
of analytical reagent grade which were used without further purification. All subsequent tests 
were carried out in triplicates for each adsorbate. Samples were not agitated, as agitation would 
add to cost of power, contrary to the study’s aim to develop and employ cost-effective 
economical processes for removal of metals.  
 
3.3 Selecting the technique for analysis 
Due to the availability of various atomic spectroscopy techniques, the following criteria was 
considered; detection limits, analytical working range, sample throughput, cost, interference, 
ease of use and availability of the proven methodology, Table 1 was used as the first technique 
decision matrix (Smith et al., 2006; Elmer, 2001; Judd, 2014). 
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Table 3.1: Technique decision matrix (Elmer, 2008) 
 FAAS GFAA ICP-OES ICP-MS 
Number of elements 
 
    
               Single *    
               Few  *   
               Many   * * 
What levels     
               High ppb *  *  
               Sub ppb  * * * 
               Sub ppb-ppm    * 
How many samples?     
               Very few * *   
               Few  * * * * 
               Many   * * 
How much sample?     
5 ml * * * * 
 1-2 ml  *   
FAAS – Flame Atomic Absorption Spectroscopy;  
GFAA – Graphite Furnace Atomic Absorption Spectroscopy 
ICP-OES – Inductively Coupled Plasma Optical Emission Spectroscopy 
ICP-MS – Inductively Coupled Plasma Mass Spectrometry 
 
Because the initial phase of the analysis the focus was on a single element (i.e.  Pb, Cu, Ni or 
Zn) with a maximum concentration of 200 ppm the AAS technique for the first phase. 
However, in the second phase of the analysis the focus shifted to acid mine drainage which 
constitutes of a vast array of metals with many samples hence the ICP-MS was the chosen 
method of detection. The detection limits for the ICP-MS is also wider than that of the AAS 
and thus would be able to detect trace amounts of metals concentration with a wider range 
upon which quantitative results may be attained without having to recalibrate the system, 
hence it was the chosen method of analysis for the acid mine water phase (Elmer, 2001; Smith 
et al., 2006; Elmer, 2008).  
The AAS necessitates specific light sources and optical parameters for every element to be 
determined and could require varying flame gases for diverse elements. Thus, albeit it is 
frequently used for multi-element analysis, AAS is generally considered to be a single-element 
technique hence used in the first phase plus the relatively low cost with the high volumes of 
samples for the first phase of the experiment. ICP-MS can however determine more than 73 
elements for every minute in an separate sample, depending on factors such as the 
concentration levels and requisite precision hence chosen for the second phase of the analysis 
dealing with the acid mine drainage (Elmer, 2001; Elmer, 2008). 
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Table 3.2: Major strength and limitations of the FAAS and the ICP-MS (Elmer, 2001; Elmer, 
2008). 
Technique Strengths Limitations Applications 
Flame AA – 
Flame 
Atomic 
Absorption 
Spectroscopy 
• Very easy-to-use 
• Widely accepted 
• Extensive application 
information available 
• Relatively inexpensive 
• Low sensitivity 
• Single-element 
analytical 
capability 
• Cannot be left 
unattended 
(flammable gas) 
 
Ideal for laboratories 
analysing large numbers of 
samples for a limited 
number of elements and 
for the determination of 
major constituents and 
higher 
concentration analytes. 
ICP-MS – 
Inductively 
Coupled 
Plasma Mass 
Spectrometry 
• Simultaneous multi 
elemental analysis 
• Ability to perform 
isotopic analyses 
• Well-documented 
interferences and 
compensation methods 
• Rapidly growing 
application information 
• Detection limits equal to 
or better than GFAA with 
much higher productivity 
• May be left unattended 
 
• Highest initial 
investment 
• Method 
development 
more difficult than 
other 
techniques 
• Limited solids in 
sample 
Ideal for laboratories 
analysing multiple 
elements in a large number 
of samples and requiring a 
system capable of 
determining trace and 
ultra-trace analyte 
concentrations. 
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3.4 Batch adsorption studies 
3.4.1 Effect of pH on Pb2+, Cu2+, Ni2+ and Zn2+adsorption 
The effect of pH on adsorption of Pb2+, Cu2+, Ni2+ and Zn2+ ions onto eggshell was 
studied by mixing 0.5 g of the adsorbent with 100 ml of each 100 ppm individual 
solution of the adsorbate at different pH values ranging from 2 - 10 at 24ºC (ambient 
temperature). The varied pH value was adjusted using 0.1M NaOH and/or 0.1M HCl 
solutions and measured by a pH meter. The mixtures were left to stand without 
agitation for 90 mins. The solutions were then filtered through Whatman filter paper 
no. 41 (diameter 125 mm) and the filtrate analysed for residual metal concentration. 
Both the initial and final concentration of Pb2+, Cu2+, Ni2+and Zn2+ after the residence 
time of 90 mins were measured using the Analyst 400 Perkin Elmer Atomic Absorption 
Spectrometer (AAS) following documented methods (Rajendran & Mansiya, 2011, 
Rohaizar et al., 2013, Kumaraswamy et al., 2015). 
3.4.2 Effect of contact time on Pb2+, Cu2+, Ni2+ and Zn2+ adsorption 
The effect of contact time on adsorption of Pb2+, Cu2+, Ni2+ and Zn2+ ions was studied 
by mixing 0.5 g of the adsorbent with 100 ml of each 100 ppm individual solution of the 
adsorbate with different contact times  ranging from 30, 60, 90, 120, 150, 180 and 210 
mins at ambient temperature and pH 7. The mixture was left static without agitation. 
The solutions were filtered through Whatman filter paper  and the remaining 
concentration of Pb2+, Cu2+, Ni2+ and Zn2+ in the filtrate was measured as described 
above.  
 
3.4.3 Effect of adsorbent dose on Pb2+, Cu2+, Ni2+ and Zn2+ adsorption 
The effect of adsorbent dose on the adsorption of Pb2+, Cu2+, Ni2+ and Zn2+ ions was 
studied by mixing different masses of the egg shell adsorbent ranging from 1, 2, 3, 4, 5, 
6, 7, 8, to 9 g with 100 ml of each 100 ppm individual solution of the adsorbate at 
ambient temperature and pH 7. The individual ion mixtures were left to stand without 
agitation for 90 mins. The solutions were then filtered through and analysed as described 
above. 
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3.4.4 Effect of initial metal concentration on Pb2+, Cu2+, Ni2+ and Zn2+ 
adsorption 
The effect of initial metal concentration on adsorption of Pb2+, Cu2+, Ni2+ and Zn2+ ions 
was studied by mixing 0.5 g of the adsorbent with 100 ml of the individual adsorbate 
(Pb2+, Cu2+, Ni2+ or Zn2+) in varied concentrations of 30, 60, 90, 120, 150, 180 and 200 
ppm at ambient temperature and pH 7. The individual ion mixtures were left to stand 
without agitation for 90 mins. The solutions were then filtered and analysed as described 
above. 
 
3.4.5 Effect of optimal conditions on Pb2+, Cu2+, Ni2+and Zn2+adsorption 
The experiment was then repeated using the combined optimum conditions (obtained 
from 3.3.1 to 3.3.4 experimental procedures) to elucidate the efficacy of the eggshell 
under its optimum conditions of the studied process parameters. Thus, 7 g of the 
adsorbent was mixed with 100 ml of the adsorbate (Pb2+, Cu2+, Ni2+ or Zn2+) solution of 
100 ppm concentration at 24ºC (room temperature) and pH 7. The individual ion 
mixtures were left to stand without agitation for 360 mins. The solutions were then 
filtered and analysed as already described. 
 
3.4.6 Metal concentration determination 
The Analyst 400 Perkin Elmer Atomic Absorption Spectrometer (AAS) was used to analyse 
metal concentrations in different samples. Atomic Absorption (AA) transpires as soon as a 
ground state atom absorbs light energy of a precise wavelength and is raised to an excited 
state. The quantity of light absorbed at this wavelength will surge as the quantity of atoms of 
the designated element in the light path escalates. The affiliation between the quantity of light 
absorbed and the concentration of analytes existing in identified standards may be used to 
determine unidentified sample concentrations by measuring the quantity of light they absorb 
(Browner & Boorn, 1984; Elmer, 2008; Judd, 2014). 
 
A blank and a set of standards from 5 ppm to 200 ppm (5, 10, 20, 40, 60, 80, 100, 120, 140, 
160, 180, 200 ppm) was prepared for each individual metal to be tested. The standard solutions 
were then aspirated in order of increasing concentration and the absorbance for each solution 
was recorded and a standard calibration curve was plotted using the AA WinLab Analyst 
software. The sample solution was then aspirated, and the subsequent absorbance reading was 
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noted. The amount of metal in each sample was then computed using the standard calibration 
curve as previously described (Browner & Boorn, 1984; Elmer, 2008; Judd, 2014). 
 
The amount of metal ion adsorbed onto 1g of biosorbent based on residual concentrations was 
calculated by using equation 1 as follows:  
𝑞 =
(𝐶𝑜 − 𝐶𝑒)𝑉
𝑤
 
     (Equation 1) 
The adsorption efficiency was calculated as: 
Adsorption percentage =
(𝐶𝑜 − 𝐶𝑒)
𝐶𝑜
× 100 
                          (Equation 2) 
Where q is the amount of metal ion adsorbed per gram of eggshell, Co (mg/L) is the initial 
metal ion concentration, Ce (mg/L) is the equilibrium metal ion concentration, w (g) is the 
mass of biosorbent, and V (L) is the volume of metal ion solution (Clescer et al., 1998). 
 
3.5 Adsorption studies on acid mine drainage 
3.5.1 Acid mine drainage sample sources 
Acid mine drainage was obtained from three different locations in Krugersdorp, Gauteng 
Province in South Africa. Each sample taken was a representative of the sample in the area. 
The first two samples were obtained from two tributaries downstream from the confluence of 
the Waterval River within the Krugersdorp area. The third sample was obtained from a storage 
site of untreated mining effluent (In compliance with owner request the name and specific 
GPS cannot be published). Krugersdorp area west of Johannesburg has a large concentration 
of gold mining activities. These activities contribute various chemical components to the 
Waterval River from chemical run-off used in gold purification processes. This river serves as 
a major water source for informal settlements and irrigated farm land. Besides the impacts of 
acid mine drainage at Waterval River, the river also acts as a drain for industrial and domestic 
effluent discharges. Sampling points were therefore carefully chosen bearing in mind that 
Waterval River is the source water body for the drinking water treatment plant (Waterval 
wastewater care works), recreational purposes, agricultural (before and after purification) and 
industrial uses. 
Sampling point 1: This site is a tributary of the Waterval River just outside the Waterval 174 
IQ farming area which is a few metres downstream of the discharge point for the treated mine 
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effluent of a local mine (Mogale Gold Pty). The tributary then runs through the Krugersdorp 
municipal nature reserve (Figure 1). The GPS location for the site is S26° 6' 27.54405", E27° 
43' 20.48637" 
 
Figure 3.1: Sampling point 1 (Source: https://www.google.co.za/maps/place/...) 
 
Sampling point 2: This site is an upstream tributary of the Robinson lake in Randfontein, 
which is downstream of the discharge point for the treated mine effluent of Mintails gold mine 
(Figure 2). The GPS location for this site is S26° 7' 55.95636", E27° 42' 57.53232" 
 
Figure 3.2: Sampling point 2 (Source: https://www.google.co.za/maps/place/...) 
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Sampling point 3: This site is a storage site for untreated mine effluent before it goes through 
conventional methods for the removal of metal pollutants. This site was used to see the 
efficacy of eggshells in the treatment of unprocessed mine effluent. 
 
Grab water samples were collected from these three sampling areas in sterile glass bottles in 
January, 2016, during a 7-day period of zero rainfall, the samples were stored at 4oC prior to 
use. Each water sample was then analysed for metal pollutants using inductively coupled 
plasma mass spectrometry (ICP-MS) to quantify the total metal concentration in each effluent 
sample.  
 
3.5.2 Adsorption studies 
Three columns measuring 36 cm long and 5.6 cm in diameter used study to run metal 
adsorption tests for the three samples in triplicates. Acid mine drainage was used as the mobile 
phase in the adsorption column while the stationary phase (the adsorbent) was the biosorbent 
made up of ground eggshell. 
A plug of glass wool was inserted and a calculated weight of pulverised eggshell adsorbent 
was added to form a densely packed uniform layer. The weight was calculated from the highest 
concentration of heavy metal in the AMD samples in relation to the optimum adsorbent dose 
determined in the first phase of the research. Forty-two (42 g) of eggshell for every 100 ml of 
sample for Sample 1 and 2, and 140 g of eggshell for every 100 ml of Sample 3 were used. 
The pH of the acid mine drainage was adjusted to 7; from pH 4.38 for AMD Sample 1, pH 
4.42 for AMD Sample 2 and pH 4.30 for AMD Sample 3 using 0.1 M NaOH. The optimum 
pH condition for the solutions was determined based on the initial bench phase experiment. 
Each acid mine drainage sample was then passed through a column and a residence time of 7 
hours maintained for the biosorption process, based on the optimum adsorption time tested in 
3.4.2. The effluent was then filtered through a Whatman filter paper no. 41 and the 
concentration of the different heavy metals in the filtrate was analysed using inductively 
coupled plasma mass spectrometry. 
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3.5.3 Measurement of the residual metal concentration of the AMD 
An Inductively Coupled Plasma Mass Spectrometer (Spectro) was used to quantify the initial 
metal concentration and the un-adsorbed metals in the effluent. With Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS), single charged ions are generated from the elemental 
species within a sample using argon gas, directed into a mass spectrometer and separated in 
relation to their mass-to-charge ratios. Ions of the designated mass-to-charge ratio are then 
directed to a detector that quantifies the number of ions present. The sample is presented as an 
aerosol into the flame through a sample compartment to the burner component. ICP-MS allows 
simultaneous quantification of elemental isotopic concentrations and ratios for a wide range 
of elements, as well as precise speciation capabilities (Montaser, 1998; Elmer, 2008; Judd, 
2014). 
 
The samples were filtered with a 0.45 μm filter. Standards were prepared for the following 
concentration ranges: 0.01 – 1 ppm; 1 – 10 ppm; 10-100 ppm and 100 – 2000 ppm, to include 
the expected sample concentrations. All standards and samples were preserved in 2% (v/v) 
nitric acid (HNO3) to prevent ion precipitation. The ELAN software (version 3.4) was used 
for data generation and manipulation.  
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Chapter 4: Results  
 
4.1 Effect of pH on the biosorption process 
The effect of pH on the biosorption capacity of eggshells for zinc (Zn2+), lead (Pb2+), copper 
(Cu2+) and nickel (Ni2+) is represented in Figure 4.1. The solution pH was maintained within 
the range of 2.0 - 10.0 as the precipitation of metal ions was observed at pH values higher than 
10. 
 
Figure 4.1: Effect of pH on the biosorption of 100 ppm Cu2+, Ni2+, Zn2+ and Pb2+ ions using 
0.5 g of eggshell for every 100 ml of ion solution with a resident time of 90 mins (n=3). 
The biosorption of zinc and copper showed a similar trend from pH 2 to 10 with optimum 
biosorption capacity being observed at pH 9 for both metal ions. The exponential phase was 
seen from pH 6 to 7 as there was a transition from acidic to neutral pH. At lower pH values 
(from 2 to 6) the removal of Zn2+ and Cu2+ was seen to increase though the increase was below 
21%. A significant spike in adsorption capacity for Zn2+and Cu2+ (from 20.52 - 86.70%, and 
12.61 - 82.75%, respectively) was noted during the transition from the acid phase to neutral 
(pH 6 to 7). The results on the effect of pH on the biosorption of Cu2+ indicated an increase in 
the percentage adsorption from 2.77- 12.61% and for Zn2+ from 4.33 - 86.70% from pH 2 to 
pH 6. The transitional phase was noted between pH 7 and 8 with an increase in adsorption for 
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Cu2+ and Zn2+ (from 82.74 - 93.20% and 86.70 - 96.55%) respectively. A further increase in 
the pH had no significant effect in the percentage change for the adsorption of these metals. 
 
The results for lead indicated that the adsorptive capacity of the eggshell increased gradually 
as pH increased between pH 3 - 7, and indicated a similar trend to that of Zn2+ and Cu2+ from 
pH 7 to 10. A significantly large spike was noted from pH 2 to pH 3 (1.83 - 46.56%). 
The transitional phase of the sigmoid graph produced for Pb2+ was seen between pH 6 and 8 
and the plateau phase was observed from pH 8 onwards. A small gradual increase in adsorption 
capacity was noted for Pb2+ (from pH 7 to 10) with optimum adsorption at pH 8.  Any further 
increase in the pH had no significant change in the percentage adsorption of the metal. 
 
Results for the effect of pH on Ni2+ adsorption indicated that an increase in pH leads to an 
increase in adsorption of the metal, with the lowest adsorption at a pH of 2 (2.39%). A lower 
but gradual increase in adsorption, compared to Pb2+, capacity was noted for Ni2+ from pH 4 
(25.11%) to pH 8 (33.52%) any further increase in the pH had no significant change in the 
percentage adsorption of the metal.  
4.2 Effect of contact time on the biosorption process 
The effect of contact time on the biosorption capacity of eggshells for Zn2+, Pb2+, Cu2+ and 
Ni2+is represented in Figure 4.2. The equilibrium point for adsorption were attained within the 
first 120 minutes (Pb2+: 98.33%) and 270 minutes (Zn2+: 81.24%) of contact time. The 
exponential phase for lead was found to be between 60 and 120 minutes, while that for Zn2+ 
was between 60 and 270 minutes. Further increase in contact time led to no significant 
adsorption of metal ions by the eggshell. 
A slight increase in the percentage adsorption for Cu2+ and Ni2+was observed as the contact 
time increased. It is of note that the percentage adsorption for nickel was below 4% over the 
360 minutes’ contact time, and an increase in adsorption was noted at 0.47% in the first 60 
minutes to 3.04% at 360 minutes. Copper indicated a slightly higher increase in percentage 
adsorption over time but remained below 15% over 360 minutes. An overall increase in 
adsorption was noted from 11.04 to 14.87 % from 60 to 360 min for Cu2+. From 120 minutes 
an increase in contact time led to no significant sorption of Ni2+ and Cu2+. 
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Figure 4.2: Effect of contact time on the biosorption of 100 ppm Cu2+, Ni2+, Zn2+ and Pb2+ 
ions using 0.5 g of eggshell for every 100 ml of ion solution at pH 7 (n=3). 
 
4.3 Effect of adsorbent dose on the biosorption process 
The effect of adsorbent dose on the biosorption capacity of eggshells for Zn2+, Pb2+, Cu2+ and 
Ni2+ is presented in Figure 4.3. The results represented in the figure shows that an increase in 
the adsorbent dose leads to an increase in adsorption percentage overall.  
The percentage adsorption of Zn2+ increases with an increase in the quantity of eggshell from 
1g to 7g. The exponential phase was observed between 2 and 3 g and the transitional phase 
between 3 and 6 g with the maximum adsorption of 89.79% taking place at an adsorbent dose 
of 7g. A further increase in adsorbent dose led to no significant sorption of zinc ions. The 
eggshell had a high affinity for lead ions even at low adsorbent doses, and it was observed that 
1g of the eggshell was able to adsorb 97.89% of the metal ions of 100 ppm metal ions. An 
increase in adsorbent dose had no significant increase in the percentage adsorption. The 
optimum adsorbent dose was thus noted to be 3 g for 100 ppm Pb2+ ions. 
The increase in percentage adsorption was higher for Cu2+ than for Ni2+. The study on Cu2+ 
showed an increase in adsorption from 19.25% with 1 g of eggshell to 59.32% with 7 g of 
eggshell. Nickel likewise also displayed a similar trend in that the rate of metal ion uptake 
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increased with an increase in the quantity of eggshell from 1 g to 7 g (in 100 ml of 100 ppm 
Ni2+ ions), with an overall increase from 1.37 to 17.20%, respectively. Any further increase in 
adsorbent dose led to no significant adsorption of ions. 
 
Figure 4.3: Effect of adsorbent dose (1 - 9 g) on the biosorption of 100 ppm Cu2+, Ni2+, Zn2+ 
and Pb2+ ions, at pH 7 and resident time of 90 mins (n=3). 
4.4 Effect of initial metal concentration on the biosorption process 
The effect of initial metal concentration on the biosorption capacity of eggshells for Zn2+, Pb2+, 
Cu2+ and Ni2+is represented in Figure 4.4. The percentage adsorption was determined using 
Equation 2 (Section 3.4.6). It determines the amount of metal adsorbed relative to the amount 
of metal available for adsorption. The maximum percentage adsorption of lead ions was found 
to be 98.21% at an initial concentration of 30 ppm. Further increase in the concentration of 
ions indicated a decrease in the percentage adsorption, with a final percentage adsorption of 
75.48% at a concentration of 200 ppm Pb2+ ions. An inversely linear relationship was observed 
between the amounts of metal ion adsorbed per gram of adsorbent (q from equation 1; section 
3.4.6). Copper showed a similar trend to that of lead, however, at an initial concentration of 
30 ppm the percentage adsorption was 22.27% and decreased to 4.81% with an increase in 
initial metal concentration of 200 ppm. 
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 The observation in the adsorption rate of Zn2+ was contrary to that of Pb2+ and Cu2+. 
The percentage adsorption of Zn2+ indicated a proportionally linear relationship to its initial 
concentration and the percentage adsorption increased from 6.25 to 50.80% with an increase 
in metal ion concentration (30 – 200 ppm). Percentage adsorption of Ni2+ indicated a similar 
trend to Zn2+ with an increase (12.12 – 58.95%), with an increase in the initial metal 
concentration.  
 
The effect of initial metal concentration on the biosorption of Cu2+, Ni2+, Zn2+and Pb2+ was 
carried out to determine the trend that occurs with an increase in initial metal concentration 
and not to determine the optimum initial concentration as it is not possible to alter the existing 
concentration of metal ions in the acid mine effluent, as would be possible to alter pH, contact 
time and adsorbent dose. 
 
 
 
 
 
Figure 4.4: Effect of initial metal concentration on the biosorption of Cu2+, Ni2+, Zn2+ and 
Pb2+ using 0.5 g of eggshell for every 100 ml of ion solution, at pH 7 and resident time of 90 
mins (n=3). 
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4.5 Adsorption of heavy metals under optimum conditions  
The effects of the optimum conditions obtained from the aforementioned results (pH 7, 
adsorbent dose of 7g, contact time of put hrs) in the adsorption of the four individual heavy 
metals in the biosorption of the eggshell are presented in Figure 4.5. A 100 ppm was used as 
the standard. The above analyses indicate that the adsorption efficiency of the eggshell is 
highest for lead with 97.43% adsorption, followed by copper that indicated 94.53%, nickel 
with 93.55% adsorption and zinc that indicated an 80.45% adsorption under optimal 
conditions.   
 
 
Figure 4.5: Percentage adsorption of heavy metals under optimum conditions of pH 7, 
adsorbent dose of 7 g, contact time of 360 minutes and initial metal concentration of 100 ppm 
(n=3). 
 
4.6 Adsorption of metals from acid mine drainage Sample 1 
The adsorption of heavy metals found in the first acid mine drainage sample (Site 1) are 
represented in Table 4.1. The results obtained indicate that aluminium, iron, potassium, nickel 
and zinc ions all had percentage adsorptions above 75% (Appendix C), while magnesium, 
manganese and strontium indicated a percentage adsorption between 50 and 74% (Appendix 
C). Sodium and silicon had an overall percentage adsorption below 50%. The amount of 
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calcium ions in solution indicated an increase from 495 ppm in the untreated effluent to 565 
ppm after treatment with the eggshell. 
Table 4.1: ICP analysis for metal concentration in Sample 1 before and after treatment and 
corresponding percentage adsorption of heavy metals from the acid mine drainage at pH 7, 
using 42 g of eggshell per 100 ml of sample and a resident time of 7 hrs. 
Sample 1 Al  Ca  Fe  K   Mg   Mn  Na  Ni  Si  Sr  Zn  
Before (ppm) 2.43 495 3.30 11.60 152 80.40 130 1.86 5.87 0.65 2.03 
After (ppm) <0.20 565 <0.01 <0.20 76.4 37.1 87 0.14 3.72 <0.20 0.41 
Adsorption (%) 91.77 0.00 99.70 98.27 49.74 53.86 33.08 92.69 36.63 69.23 79.95 
 
4.7 Adsorption of metals from acid mine drainage Sample 2 
The adsorption of heavy metals found in the second acid mine drainage sample (Site 2) are 
represented in Table 4.2 Potassium was adsorbed the highest with a 98.78 % adsorption. 
Magnesium, strontium and zinc indicated percentage adsorbencies of 72.33; 68.75 and 53.07% 
respectively. Sodium had percentage adsorbency below 50%. The eggshell was only able to 
adsorb 0.43% of the calcium ions. 
Table 4.2: ICP analysis for metal concentration in sample 2 before and after treatment and 
corresponding percentage adsorption of heavy metals from the acid mine drainage at pH 7, 
using 42 g of eggshell per 100 ml of sample and a resident time of 7 hrs. 
Sample 2 Ca  K  Mg  Na  Sr  Zn  
Before (ppm) 690 16.40 63.60 180 0.32 0.75 
After (ppm) 687 <0.20 17.6 130 <0.20 0.35 
Adsorption (%) 0.43 98.78 72.33 27.78 68.75 53.07 
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4.8 Adsorption of metals from acid mine drainage Sample 3 
Table 4.3 represents the percentage adsorption for acid mine drainage collected from Site 3. 
Arsenic, chromium, copper, iron, antimony and tellurium ions were adsorbed with an 
adsorption percentage above 75% (Appendix C). The other ions indicated an adsorption 
percentage below 50% (Appendix C). The amount of calcium ions increased from 24.7 ppm 
before eggshell treatment to 645 ppm.  
Table 4.3: ICP analysis for metal concentration in sample 3 before and after treatment and 
corresponding percentage adsorption of heavy metals from the acid mine drainage at pH 7, 
using 140 g of eggshell per 100 ml of sample and a resident time of 7 hrs. 
Sample 3 Al  As  Ca  Cr   Cu  Fe  Ni  Pb  Sb  Se  Si  Te  Zn  
Before (ppm) 1.57 18 24.7 49 1340 0.74 304 1.33 0.48 1180 20.70 29.2 1830 
After (ppm) 0.329 <0.20 645 9.46 62 <0.01 265 1.13 <0.20 1041 18.79 <0.21 1011 
Adsorption (%) 79 98.88 0 80.69 95.37 98.65 12.83 15.04 79.17 11.78 9.23 99.28 44.75 
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Chapter 5: Discussion 
 
5.1 Effect of pH on the biosorption process 
The pH of individual solutions is an essential process parameter in the biosorption of heavy 
metal ions from aqueous solutions. The pH of solutions accounts for the protonation of metal 
binding sites on the eggshells, calcium carbonate solubility, metal speciation in the solution, 
solubility of metal ion and the quantity of the counter ions on the functional groups of the 
biosorbent (Chojnacka, 2005). Moreover, the pH of solutions should be considered a crucial 
parameter in determining the efficacy of any biosorbent as different industrial processes have 
different optimal pH therefore causing a variation in the pH profile of various industrial 
effluents.   
 
The effect of pH on the biosorption capacity of eggshells for Zn2+, Cu2+, Ni2+ and Pb2+ showed 
a maximum biosorption capacity at pH 8 for all metal ions with no significant increase in 
adsorption capacity being seen with a further increase in pH. The effect of pH on adsorption 
was reported by Rohaizar et al. (2013) in a study about the removal of Cu2+ from water by 
adsorption on chicken eggshell. It was found that the adsorption of Cu2+ increased as the pH 
increased from 4 - 7. The effect of pH can be explained by the ion-exchange mechanism of 
sorption which is associated with functional groups that have cation exchange properties 
(Reddad et al., 2002). It is established that the major constituent of eggshells is CaCO3 and 
when calcium salts are dissolved in water, the CaCO3 dissociates resulting in the formation of 
basic solution (Oka et al., 2008; Zulfikar et al., 2012). This displacement reaction creates space 
for the exchange of ions on the surface of eggshell. Therefore, a pH above neutral is favourable 
for the effective binding of heavy metals present within the solution. This is because the 
increase in pH leads to the exposure of the carbonate groups in the eggshell, thereby increasing 
the negative charges on the adsorbent surface, and allowing for the metal cations to be attracted 
unto its surface (Kalyani et al., 2009). 
 
The pH determines the speciation of a metal which is the different forms in which a metal 
occurs. Metals in low pH water are more bioavailable as they are likely to be found in soluble 
state as free ionic species or as soluble organometals (Twiss et al., 2001; Sandrin & Hoffman, 
2007). The reason for this being that more protons (H+) are present at acidic pH to saturate 
metal-binding sites, protonating most of  phosphates and/or carbonates and consequently 
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reducing the probability of forming insoluble precipitates. However, in high pH they are 
mostly insoluble as the protons are no longer available to bind to the phosphate and/or 
phosphates and therefore forming insoluble compounds and other species such as hydroxo-
metal complexes.  The solubility of the hydroxo-metal complexes is determined by the metal 
(Huges & Poole, 1991).  
 
At lower pH values (from 2 to 6) the removal of Zn2+ and Cu2+ was seen to increase though 
the increase was below 21%. This can be ascribed to the fact that at low pH, more H3O+ ions 
are available to compete with the Zn2+ and Cu2+ ions for the adsorption sites of the biosorbents 
thus more carbonate groups are bound with hydrogen making them less available to metal 
ions. Also, under acidic pH most of the functional groups are protonated, and the positively 
charged sites formed on the eggshell surface would reduce the adsorption capacity due to 
repulsion of like charges and lead to a reduction in the number of accessible binding sites for 
adsorption of the metal ions (Twiss et al., 2001; Sandrin & Hoffman, 2007; Rao et al., 2010; 
Khalili et al., 2012). 
 
The spikes (from 20.52% to 86,70%, and from 12.61% to 82.75%) in the adsorption capacity 
of Zn2+ and Cu2+ respectively were noted from pH 6 to 7, and these observations can be 
attributed to the weak inhibitory effect of the H3O+ ions as there is a transition from neutral 
pH to basic pH. The observation can also be elucidated by the fact that as the pH increases the 
negative charges on the adsorbent surface also increase and thus attracting the metal cations 
to its surface which  ultimately became less bioavailable and less soluble as observed by Twiss 
et al. (Twiss et al., 2001; Kalyani et al., 2007).  
 
The solution pH was kept within the range of 2.0 – 10.0 because visible precipitation of metal 
ions was observed at higher pH values (above 10). Similar observations were made by other 
researchers who attributed it to the formation of metal hydroxide complexes. These 
observations can be accredited to the weak inhibitory effect of the H3O+ ions as there is a 
transition from neutral pH to basic pH. The observation can also be explained by the fact that 
as the pH increases the negative charges on the adsorbent surface also increase and thus 
attracting the metal cations to its surface (Kalyani et al., 2007). Findings of Park et al. (2007) 
of a simulated study about the removal of heavy metals using waste eggshell however, 
predicted the presence of soluble lead species as Pb(OH)42− above pH 12 (Boota et al., 2009, 
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Reddy et al., 2009). It was attained at a lower (pH 10) compared to Park et al. (2007) (pH 12) 
but later than El Sayed et al. (2011) (pH 8). 
 
Nickel and lead were noted to behave in a similar manner (Figure 3.1). They showed a constant 
increase in the adsorptive affinity to eggshell as pH increased up to pH 8. A further increase 
in pH (beyond pH 8) did not yield any significant increase in the percentage adsorption. These 
findings are in tandem with the findings of Ho et al. (2013) who investigated the removal of 
nickel and silver ions using eggshells and concluded that the highest amount of nickel (64.3%) 
was obtained at pH 9. Another study, however, reported optimum adsorption of lead ions at 
pH 6 after which the metal ions started to precipitate (Arunlertaree et al., 2007). El Sayed et 
al. (2011) found the optimal pH for the removal of Ni2+ to be 7, and they noticed that pH above 
7 precipitated the Ni2+ ions which they attributed to the increase in hydroxide anion forming 
nickel hydroxide precipitates.  
 
The results of this study contrasts with the findings of three other studies on the optimum pH 
for Ni ion removal using eggshells. This can suggest that the optimum pH for the removal of 
metal ions is dependent on factors other than the acidity or the alkalinity of the solution, which 
factors likely play a big role in the type and behaviour of compounds formed (Huges & Poole, 
1991). For example Ni2+  at pH < 8 exists predominantly in the form of Ni2+ and that ion at pH 
> 8 seems to be capable of being hydrolyzed to NiOH+, soluble Ni(OH)2 and Ni(OH)3 and 
solid Ni(OH)2 (Baes & Mesmer, 1976). Yet, El Sayed et al. (2011) found the optimal pH for 
the removal of Ni2+  to be 7 as they noticed that pH above 7 precipitated the Ni2+ ions which 
they attributed to the increase in hydroxide anion forming a nickel hydroxide precipitates.  
 
All metals precipitate as hydroxides by the addition of NaOH and the observed metal removals 
at these high pHs may also have been due to NaOH and not adsorption onto the egg shell 
material. At pH corresponding to the minimum solubility, all metals form slightly soluble, 
gelatinous hydroxides in the presence of equivalent quantities of hydroxide ions, but the 
hydroxide precipitates may redissolve in water after the minimum solubility point by forming 
soluble anionic hydroxyl complexes because of amphoteric effects (El Sayed et al., 2011). 
 
Another factor could also be the size of eggshell used (powder or small particles). This was 
demonstrated by Pettinato et al. (2015); they obtained the best results with the smallest 
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adsorbed particles diameter of the eggshell, owing to the increased surface area available for 
the adsorption. 
 
Although higher percentage adsorption was noted at higher pH values (pH 8 upwards) for all 
metal ions, pH 7 was chosen as the optimum pH for the adsorption as it is the point before 
adsorption slowed down and also due to environmental considerations where it is more 
environmentally friendly to release neutral aqueous solutions, as opposed to acidic or basic 
effluents.  
 
5.2 Effect of contact time on the biosorption process 
The equilibrium point for the sorption (98.33% and 81.24%) of metal ions were attained within 
the first 120 minutes and 270 minutes of contact time for lead and zinc respectively (see Figure 
4.2). Further increase in contact time led to no significant sorption of metal ions by eggshell. 
Copper and nickel on the other hand showed after a maximum percentage adsorption of 
14.46% and 3.47% at 300 minutes and 360 minutes respectively. However several studies 
have reported times shorter than the ones used in this study. For example, Chavan et al. 2013; 
Ipeaiyeda and Tesi 2014; Kanyal and Bhatt 2015 obtained an optimal adsorption for 100 ppm 
of Pb2+ at a contact time between 60 - 120 minutes. Arunlertaree et al. (2007), however, 
reported the percentage removal of Pb2+ at the end of the 90 minutes to be 30.79% and still 
the removal did not change much by the end of 120 minutes (30.92%) contrary to this study. 
 
The low adsorption capacity over time can be attributed to the pH of the solutions and as seen 
pH of 7 and below does not allow for the effective adsorption of the heavy metals present in 
the aqueous solution. Three hundred and sixty (360) minutes was thus chosen as the optimum 
time for the biosorptive process. The relatively short time frame (360 minutes for 1g of 
eggshell to remove approximately 80% of 100 ppm heavy metal) is considered a favourable 
factor as it indicates that sorption equilibration time will allow for economical treatment of the 
water and as such it will, in the long run, reduce operation cost in actual wastewater treatment 
(Ipeaiyeda & Tesi, 2014). 
 
5.3 Effect of adsorbent dose on the biosorption process 
The plot of the percentage adsorption against the adsorbent dosage for the four metals reveals 
that the percentage of metal ion uptake increases with an increase in the quantity of eggshell 
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from 1g to 7g (in 100 ml of 100 ppm metal ions) with the optimum adsorption taking place at 
an adsorbent dose of 7g for Ni, Pb and Zn. Several studies report the removal of lead to be 
influenced by the dose of eggshell, as the effective removal of solutes increased with 
increasing dose of adsorbent (Schiewer et al., 1997; Eamsiri et al., 2005; Arunlertaree et al. 
2007). Agarwal and Gupta (2014) studied the removal of Cu2+ and Fe from aqueous solution 
by using eggshell powder as low cost adsorbent for a period of 24 hours and observed a change 
in the percentage adsorption of Cu2+ from 65 to 80 and 95% with the increase in the adsorbent 
dosage from 0.5 to 1.0 and 1.5 gm in 100 ppm concentration. The same pattern was also 
observed by Agarwal (2012) during the removal of Cu2+ and Pb2+   from aqueous solution by 
using eggshell as an adsorbent. The study reported that the percentage adsorption changed 
from 72.4 to 95 and 96.3% for Cu2+ and 60.5 to 78 and 86.4% for Pb2+ with the increase in the 
adsorbent dosage from 0.5 to 1.0 and 1.5gm in 100 ppm concentration. This therefore suggests 
that the adsorbent dosage plays a significant role in the removal efficiency of the eggshell. 
 
 A linear relationship is derived between the total sorbent surface area and quantity of binding 
sites for the ions (Rao et al., 2010). At high sorbent dosage, the available metal ions have 
adequate exchangeable sites on the eggshell to bind to, resulting in a higher metal ions uptake, 
this is in agreement with a study done by Oboh et al. (2009). 
 
The eggshell again showed a low affinity for the adsorption of nickel. The results of this study 
are, however, consistent with the findings of Tabatabaee et al. (2014) who found the 
adsorption of Nickel using eggshell to be 14.4% of the 50 ppm concentration used. 
Additionally, Tudury (2006) who studied the selectivity coefficient of five metals notably 
Pb2+, Ni2+, Zn2+, Cu2+ and Fe2+ in the hatchery residual biosorbent (HRB) demonstrated that 
the selectivity of hatchery residual biosorbent decreased in this order Pb > Cu ≈ Fe > Zn > Ni.  
 
Lead on the other hand showed a very high affinity to the eggshell. It was observed that 1 g of 
the eggshell was able to adsorb 97.89% of the metal ions. An increase in adsorbent dose had 
no significant increase in the percentage adsorption, as all the metal ions had been adsorbed at 
the surface of the eggshell at 1 g. This compares well with Arunlertaree et al. (2007), who 
concluded that an adsorbent dosage of 1 g was the optimal adsorbent dosage for the removal 
of lead. Similarly, Schiewer and Volesky (1997) using four different type of husk for the 
biosorption of a number of metals also demonstrated that 1 g – 2 g/L is the optimal adsorbent 
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dosage for the removal of lead. The optimum adsorbent dose can thus be concluded to be 1 g 
for 100 ml of 100 ppm Pb2+ ions however the optimum dose could be lower than 1g.  
 
 
5.4 Effect of initial metal concentration on the biosorption process 
The analysis on the effect of metal ion concentration demonstrates that an increase in the 
concentration of lead and copper ions leads to a decrease in the percentage adsorption. An 
inversely linear relationship is observable between the amount of metal ion adsorbed per gram 
of adsorbent (q from equation 1) and the percentage adsorption. This corresponds with the 
findings of Lurtwitayapont and Srisatit (2010), they observed the decreased in the adsorption 
of bone char at equilibrium from 1828 to 1225 and 49 mg/g as the concentration of lead 
increased from 10 to 20 and 30 mg/L, respectively. Similar results were obtained by Paula 
(2006) when hatchery residual biosorbent was used.  Additionally, Anantha and Kota (2016), 
noticed that the metal ion adsorption of copper increased sharply in the beginning and then 
decreased slowly with further increase in the initial concentration using the Dromaius 
novaehollandiae eggshell.  
 
This relationship is noted as the initial concentration of lead and copper ions increase. The 
decline in percentage adsorption may be ascribed to lack of sufficient surface area (1g of 
eggshell) to lodge much more metal accessible in the solution. At lower concentrations most 
of the ions present can interact with the binding site and thus the percentage adsorption is 
higher, whereas at higher ionic concentration, the adsorption is low due to the saturation of 
adsorption sites which may be ascribed to the increasing number of ions competing for 
available binding sites on the eggshell (Puramik & Paknikar, 1999). This is in agreement with 
the study done by Putra et al. (2014). 
 
Observations in the percentage adsorption of zinc and nickel were however contrary to that of 
lead and copper. Zinc and nickel percentage adsorption increased with an increase in metal 
ion concentrations from 6.25 to 50.80% for Zn2+ and 12.12 – 58.95% for Ni2+ for 30 – 200 
ppm respectively (Figure 6). At concentrations as low as 30 ppm the binding sites on the 
eggshells were not saturated, and as such an increase in the available ions increased the 
percentage adsorption until full saturation was attained and the eggshells reached their 
maximum carrying capacity. Any further increase in metal ion concentration would lead to a 
decrease in the percentage adsorption. These findings are congruent with the findings of Putra 
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et al. (2014) who reported the amount of Zn2+ adsorbed onto the eggshell to increase from 2.02 
to 24.07 mg/g, when the initial concentration increased. They attributed the increase in the 
adsorption of metal ions at high initial metal concentration to high possibility of collision 
between metal ions with the biosorbent surface as well as the high rate of metal ions diffusion 
onto biosorbent surface. Similarly, Wang et al. (2013) demonstrated that high initial metal 
concentration hastens the driving force and decreases the mass transfer resistance. In addition 
El Sayed et al. (2011) also reported that the increase of initial Ni2+ ions concentration led to 
an increase of q (the amount of metal ion adsorbed onto 1 g of biosorbent). Increase of q along 
with the increase of the initial metal ion concentration was anticipated as a result of the 
increase of the sorbed ion concentrations per weight of eggshell. With high Ni2+ concentration 
in the solution, the diffusion of Ni2+ ions in the boundary layer increases producing higher 
sorption by eggshell. 
 
5.5 Adsorption of heavy metals under optimum conditions 
The analyses using the combined optimum conditions (pH 7, adsorbent dose of 7 g, contact 
time of 360 minutes and initial metal concentration of 100 ppm) obtained from the plateau 
phase in the graphs of the experimental results in the adsorption of the four heavy metals 
showed that at these conditions the eggshell possesses more affinity to lead (97% adsorption), 
then copper (95% adsorption), nickel (94% adsorption) and finally zinc (80% adsorption) as 
seen Figure 5 this could be due to because of their relatively high positions in the selectivity 
sequences of the eggshell the variations being due to differing charge densities. Similar results 
were obtained by Ipeaiyeda and Tesi (2014), Tabatabaee et al. (2014) and Kumaraswamy et 
al. (2015). 
 
The high metal removal percentage of the eggshell obtained in this study enhances the need to 
use eggshells in the treatment of wastewater effluents from the metal exploiting industries. 
This is further facilitated by the low cost of this biosorbent as it is a waste material that is 
easily obtained (Agarwal, 2013). Added to the easiness of access, cost effectiveness, high 
efficiency, and minimisation of chemical/biological sludge of the eggshell is the possibility of 
recovering the adsorbed metal at the end of the treatment process (Mahamadi, 2011). Ipeaiyeda 
and Tesi (2014) performed the adsorption and desorption of metal ions Pb2+, Co2+, Mn2+, 
Zn2+,Ni2+ with 3.0 mol/L NaOH and reported the affinity of metal ion sorption in the order of 
Co2+>Pb2+>Ni2+>Zn2+>Mn2+. Ninety five percent (95.86%) and forty four (44.29%) 
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adsorption into the eggshell were reported for Mn2+ and Zn2+ from the brewery effluent while 
their corresponding percentage desorption were 19.94% and 35.48% respectively (Ipeaiyeda 
and Tesi, 2014). Ishikawa et al. (2002)  also reported 95%  adsorption  of Au+ from eggshell 
membrane with NaOH solution (0.1 mol/l) while more than 92% adsorption of Au (I) was 
accomplished with NaCN (0.1 mol/l). Although optimisation was achieved for the metals it is 
pertinent to note that such studies are a prerequisite in metal recovery studies and applications 
(Malik, 2004). 
 
As was observed with the adsorption, care should be taken to select the best eluents with the 
appropriate concentration to obtain the best desorption result. The type of the adsorbent used 
must also be taken into consideration when choosing the eluent (Das et al., 2010). Another 
advantage of using the eggshells is that after the treatment and desorption of the adsorbate, the 
eggshell can be mixed with other organic solid and earthworm to produce a valuable product 
such as vermicompost (Nagavallemma et al., 2004; Harrison et al., 2005; Mills et al., 2015; 
Lee et al., 2016).  
 
5.6 Application studies using acid mine drainage samples 
Application studies using real acid mine drainage were carried out from three samples to 
determine the suitability of eggshell as adsorbent at optimum batch condition. Sample 1 and 2 
were obtained downstream from the mine effluent discharge sites after the conventional 
treatment methods were used, this in combination with the dilution factors of the streams lead 
to the decrease in the quantities of heavy metals from the sites (Balintova et al., 2012; Choi & 
Lee, 2015). However, site 3 was obtained prior to treatment and this was evidenced in the 
significantly higher presence of heavy metals in the sample. 
 
Paralleling the affinity of the eggshell for the four metals was comparatively straightforward 
for the optimisation phase of the experiments because all of the metals were at the same initial 
concentration. Hence, metal concentrations did not have an effect the selectivity of the 
eggshell. In contrast, metal concentrations varied significantly in the acid mine drainage as 
reported in other studies (Butler & Reisman, 2008; Liu, 2014). Butler and Reisman (2008) 
reported the concentrations of metals dissolved from an AMD as 1.1, 1.3, 3.7, 4.6, 5.6, 18.0, 
12.1, 166, and 52.7 μg/l for Cd, Cu, Fe, Mn, Zn, Ca, Mg, Na, and K respectively. 
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After treatment with the eggshell the results showed that other metals were adsorbed more 
than others with Al3+, Fe, Cu2+, Cr, Zn2+, K+, Mg2+ and As being adsorbed the most than the 
other metals. This could be attributed to the initial quantities of the ions present in the samples, 
in that, for example in Sample 1 Al3+ had a 91.77% adsorption, however this could have been 
due to the minute quantities of Al3+ present in the initial solution (2.43 ppm before treatment 
to <0.20 ppm after treatment, thus 2,23 ppm of metal were adsorbed). However, Mn2+ had a 
lower adsorption percentage (53.86%) in the same sample but had more metal being adsorbed 
than Al2+ (80.4 ppm before treatment to 37.1 ppm, thus 43.3 ppm of metal were adsorbed). 
This was seen throughout Samples 1, 2 and 3. Hence the initial quantity of metal present in 
the solution affected the overall percentage adsorption of the metal. Similar trends to the 
adsorption of some of the above metals to calcite with respect to low initial concentrations 
have also been reported (Stipp et al., 1992; Elzinga and Reeder, 2002; Rouff et al., 2004).   
 
The noticeable trend being, the lower the quantities present in the initial sample before 
treatment the higher the percentage adsorption. This can be attributed to the fact at lower initial 
ion concentrations, interaction with the binding site increases hence a higher percentage 
adsorption, whereas at higher initial ionic concentration, the adsorption is low due to 
competition for the adsorption sites on the eggshells, as seen by research carried out by Puranik 
& Paknikar in 1999 and by Putra et al. in 2014. 
 
Since the metals uptake by chicken eggshells is highly dependent on the quantity of active 
binding sites and/or functional groups on the adsorbents. The low adsorbencies for some of 
the metals can also be attributed to the binding sites reaching saturation points and also to the 
different speciation of the metals hence some would have less affinity to the eggshells (Paula, 
2006). 
The selectivity of the eggshell for different metal cations can be attributed to other factors like 
the tendency of some metals to form strong complexes between itself and the eggshell and in 
the process displace other metals associated with the eggshell surface through ion exchange 
reactions and other interactions (Paula, 2006). Zachara et al. (1991) carried out studies the 
sorption of several metals onto calcite, including Cd2+, Ni2+and Zn2+ and their results indicated 
that the selectivity of calcite decreased in the order: Cd2+> Zn2+> Ni2+, they interpreted the 
results according to the ion exchange mechanism in the following equation: 
 
Ca(surface) + Me2+(aq) = Me(surface) + Ca2+(aq)      (Equation 5.1) 
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The results indicated that for metals (Me) the selectivity decreased as the ionic radius of the 
metal sorbate decreased (Zachara et al., 1991) 
 
As the eggshell was mixed with the aqueous sample solution, the dissolution of calcite in the 
eggshell could have occurred, which could also have added alkalinity to the solutions 
according to the following equations: 
CaCO3 (S) + H2O → Ca2+ + CO32-    (Equation 5.2) 
CO32-+ H2O → HCO3-+ OH-   (Equation 5.3) 
 
As discussed above, there is a strong dependence of metal uptake on pH hence the tendency 
of eggshell to add to the alkalinity of the solution may have led to the low percentage 
adsorption of some metals. Because of the dissolution of calcite that occurred via Equation 5.2 
and the increased experimental pH, it is likely that a number of metal removal happened via 
heterogeneous and/or homogeneous precipitation of the influent metals in the form of 
hydroxides, carbonates, or hydroxycarbonate composites, as was observed by Zachara et al 
(1991) for calcite.  
 
It is also likely that the dissolution of the eggshell according to Equation 5.2 would also 
account for the 0% adsorption for Ca2+ as the uptake and release of a significant amount of 
calcium ions would reach a point of equilibrium hence overall no metal ions would be 
adsorbed (Paula, 2006). It is also possible that some CaCO3 in the eggshell consisted of tiny 
particles that could have readily dissolved on contact with the sample solutions and that might 
have contributed to an increase in Ca2+ content in the sample hence the zero percent adsorption.  
 
It is also of note that elimination mechanisms may vary for the different metals and may occur 
via a complex grouping of mechanisms that may comprise of precipitation, adsorption, co-
precipitation and/or solid-solution diffusion and these could have been interrupted by the fact 
that acid mine drainage often contains organic and inorganic complexing agents in addition to 
heavy metals (Sedlak et al., 1997; Raskin and Ensley, 2000; Elzinga and Reeder, 2002; Rouff 
et al., 2004; Kobayashi et al., 2004; Shahwan et al., 2005; Chada et al., 2005) 
 
The use of the eggshell in the treatment of acid mine drainage could bring up some challenges 
and advantages. Taking sample three as an example, the initial concentration for Ca was 24.7 
ppm and this went up 645 ppm after treatment, this shows that significant amounts of Ca are 
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released by the eggshell, hence showing that a significant portion might be dissolved during 
the treatment process, and reducing the total capacity of the adsorbent material. However, the 
CaCO3 (Equation 5.2) of the eggshell possesses the ability to increase the alkalinity of the 
solution which may be useful when neutralising and treating acid mine drainage. From the 
study it is also of note that tremendous volumes of the eggshell would be necessary to treat a 
characteristically high strength wastewater portion using the eggshell as a standalone 
treatment process, and a more likely mechanism would be to use the eggshell as a polishing 
step in combination with another upstream treatment technology. 
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Chapter 6: Conclusion and Recommendations 
 
6.1 Conclusions 
 
The effect of process parameters: pH, contact time, initial metal concentration and adsorbent 
dose were studied for the removal of Zn2+, Pb2+, Ni2+ and Cu2+ from aqueous solutions. The 
optimum pH for the removal of Zn2+, Pb2+ and Cu2+ was 9 and 8 for Ni2+. Adsorption of heavy 
metal ions by eggshell was very rapid in the first 120 minutes and an average equilibrium time 
of 360 minutes was obtained for the four metals.  During any contact time, increase in initial 
adsorbate concentration reduced the percent adsorption and amplified the amount of adsorbate 
uptake per unit weight of the adsorbent for Pb2+ and Cu2+. An increase in initial adsorbate 
concentration led to an increase in the percent adsorption for Zn2+ and Ni2+. The effect of 
adsorbent dosage on the adsorption of the four metals exhibited that the percentage of metal 
removed increased with the increase in adsorbent dosage, 7 g in 100 ml of 100 ppm of metal 
ion, was selected as the optimum adsorbance dose. Under average combined optimum 
conditions (adsorbent dose of 7 g, pH 7 and contact time of 360 minutes for 100 ml of 100 
ppm of metal ion) the analysis revealed 97.43% adsorption for Pb2+, 94.53% for Cu2+, 93.55% 
for Ni2+ and 80.45% adsorption for Zn2+. From the application studies using acid mine 
drainage in Sample 1, aluminium, iron, potassium, nickel and zinc ions all had percentage 
adsorptions above 75%, in Sample 2 potassium was adsorbed the most with a 98.78%, and in 
Sample 3 arsenic, chromium, copper, iron, antimony and tellurium ions were adsorbed with 
an adsorption percentage above 75%. Evidence provided in this study has shown that chicken 
eggshells have a high efficacy and have the potential to be used as an effective adsorbent for 
the removal of Pb2+, Cu2+, Ni2+ and Zn2+  from standard aqueous solutions, and also for the 
removal of a vast array of metals from acid mine drainage.  
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6.2 Recommendations for further studies 
 
1. Because the metal uptake is dependent on the amount of active binding sites and/or 
functional groups, further research can be done to chemically augment the results 
obtained by modifying the eggshell characteristics with chemicals like acids or bases, 
as this might increase the number of active binding sites and/or functional groups on 
the eggshell and thus the adsorption capacity.  
2. Since the acid-neutralizing capacity of the eggshell is due to dissolution of CaCO3 
during treatment, and it would thus reduce the potential for re-utilization of the 
eggshell. Further research can also be carried out to look at the potential for re-
utilisation and also to compare the efficacy of the eggshells to that of ion-exchange 
resins and other adsorbents. 
3. Investigations on the recovery of the metal ions, a comparative analysis with ion 
exchange resins and other conventional removal techniques is also recommended for 
further studies. 
4. A study on the potential efficacy in relationship to cost can be carried out, and disposal 
methods. 
5. An investigation on the conceivable application of the eggshell as a co-amendment 
with biosolids that is land-applied. Siebielec and Chaney (2012) successfully stabilised 
metals and induced revegetation of military range contaminated soils using lime and 
biosolids of compost. It is established that CaCO3 is the active compound in lime and 
also the main constituent of the eggshell (Gillmore, 2011; Agarwal, 2013). It can thus 
be expected that better results be obtain using the eggshell in conjunction with 
biosolids. Probably, the capacity of the eggshell for metal uptake would lessen the 
bioavailability of metals in biosolids while also increasing the buffering capacity of 
the amended soils (Paula, 2006; Siebielec & Chaney, 2012).  
6. It was noted in the experiment that pH played a pivotal role in the adsorption process, 
and that metals have the ability to precipitate upon addition of NaOH. This would mean 
that some metals were not solely removed by adsorption but also by precipitation. An 
investigation into the exact mechanism and quantities (either adsorption or 
precipitation) under which the metals were removed could be carried out. 
7. A study on the mode of adsorption of the eggshell, either physisorption or 
chemisorption using Equilibrium isotherm models namely the Langmuir adsorption 
isotherm and the Freundlich adsorption isotherm 
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APPENDIX A 
Preparation of stock and standard solutions of metals 
A. Zn2+ 100 ppm 
Exactly 0.455g of zinc nitrate (Zn(NO3)26H2O) was dissolved in 1.00L of deionized water. 
The solution was stirred with a magnetic stirrer to completely dissolve the salt. 
B. Pb2+ 100 ppm 
Exactly 0.160g of lead nitrate (Pb(NO3)2) was dissolved in 1.00L of deionized water. The 
solution was stirred with a magnetic stirrer to completely dissolve the salt. 
C. Cu2+ 100 ppm 
Exactly 0.380g of cupric nitrate trihydrate (Cu(NO3)2) was dissolved in 1.00L of deionized 
water. The solution was stirred with a magnetic stirrer to completely dissolve the salt. 
D. Ni2+ 100 ppm 
Exactly 0.496g of zinc nitrate (Ni(NO3)2) was dissolved in 1.00L of deionized water. The 
solution was stirred with a magnetic stirrer to completely dissolve the salt. 
 
Standard solutions (90 – 10 ppm) were then subsequently prepared by diluting the stock 
solutions with standard calculated (C1V1 = C2V2) volumes of deionized water. For 200 ppm 
of metal solutions, double the quantity of metal was diluted in 1.00L of deionized water. These 
were subsequently diluted to prepare more standard solutions (180 – 110 ppm).  
 
Operating procedures and conditions for the Atomic Absorption Spectrometer 
The technique was adapted from Browner & Boorn, 1984; Elmer, 2008; Judd, 2014. 
A blank and a set of standards from 10 ppm to 200ppm (10, 20, 40, 60, 80, 100, 120, 140, 160, 
180, 200ppm) was prepared for each individual metal to be tested. The solution collection 
bottle was emptied and the tubing properly placed inside of it, the aspirator tube was then 
placed into a clean beaker containing deionized water in the tray below the burner head 
assembly and the appropriate hollow cathode lamp (HCL) for the element (either Pb, Cu, Ni 
and Zn) to analysed was installed in the turret and maximum operating current (between 3 and 
15 mA) was recorded. 
 
The exhaust hood was turned on using the vent fan switch behind the instrument and the cutoff 
slide was opened. The two cutoff slides for the exhaust from the atomic emission spectrometer 
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were subsequently closed and the KimWipe was pulled upward. Then computer the Aanalyst 
300 Spectrometer was powered and the AA WinLab Analyst Software was initialised for the 
analysis. The air supply was turned on and the outlet pressure was adjusted to 60 psi and the 
acetylene supply was turned on and the outlet pressure adjusted to 13-14 psi. The burner was 
then lit and the flame control window was closed. 
 
To measure the blank, standards and samples: the blank solutions was first aspirated and 
analysed. The standard solutions were then aspirated beginning with the least concentrated in 
order of increasing concentration and the absorbance for each solution was recorded and a 
standard calibration curve was plotted using the software. The sample solution was then 
aspirated, and the subsequent absorbance reading was noted. The absorbance was verified to 
see that it fell between the readings of the standards. If it was too high, the sample was diluted 
and re-measured, if it was too low but within the detection limits of the instrument, standard 
solutions of lower concentrations were measured. 
 
After the final solution had been aspirated, the machine was allowed least three minutes of 
pure deionized water to aspirate through the burner head to remove all reagents then the flame 
was extinguished and the burner gas supply to the spectrometer was turned off and the gas 
lines were depressurized and the fume ventilation system turned off. The amount of metal in 
each sample was then calculated by the computer software using the standard calibration 
curve.  
 
Operating procedures and conditions for the Inductively Coupled Plasma Mass 
Spectrometer 
The technique was adapted from Holler et al., 2007 and Judd, 2014.  
The argon gas was turned on and the delivery pressure adjusted to at least 60psi. The sample 
line was placed in beaker with Mili Q water and the tubing on peristaltic pump was placed 
accordingly. The ELAN computer software was used to analyse and control some of the 
components of the spectrometer and the plasma was started on through the program. The 
vacuum pressure was adjusted to be less than 10‐5 torr. After the ignition sequence was 
completed, the plasma was left to warm up for about 10‐15 minutes. A beaker was filled with 
the ELAN 6100 Setup Solution and the feed tube from the beaker of MiliQ water to the beaker 
with ELAN 6100 solution was switched on and the sample analysed. When the run was 
complete, it was used to make sure that Mg was > 50,000, In was > 250,000, Ur was > 200,000 
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and the net intensity mean of CeO is 3% if these measurements were not obtained, set up phase 
was run again.  
 
Standards were prepared for a range of concentrations encompassing expected sample 
concentrations. A minimum of 5mL of standard or sample was used for each run and the 
samples were filtered with a 0.45 μm filter and 2% by volume of nitric acid (HNO3) added to 
samples and standards. The software was used to input the elements to be analysed and create 
a sample list. When running the samples, the sample tube was connected to auto‐sampler tube 
and samples were placed in auto‐sample and samples were run and data accessed in the 
software. 
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APPENDIX B 
Atomic Absorbance Spectrophotometry data 
A. AAS analysis for zinc  
Element Zn       
Wavelength 213.9       
Width 1       
Current 5 mA       
          
Sample Id Conc (ppm) Precision     
Control (10 ppm) 10.0449 0.5     
Control (30 ppm) 27.7803 0.3     
Control (80 ppm) 79.291 0.3     
Control (50 ppm) 53.1367 0.5     
Blank (0.00 ppm) 0.0043 23.1     
 Sample Id  Conc Adsorption %  Adsorption %  Adsorption % 
pH 10 0.1834 99.817 99.023 97.664 
pH 9 1.098 98.902 97.322 99.454 
pH 8 2.5733 97.427 96.328 95.896 
pH 7 10.81 89.190 82.343 88.564 
pH 6 79.465 20.535 19.79 21.234 
pH 5 78.869 21.131 20.995 20.555 
pH 4 87.959 12.041 11.947 10.341 
pH 3 89.513 10.487 9.347 10.201 
pH 2 95.232 4.768 3.874 4.336 
          
360 min 10.7573 89.243 83.567 84.554 
330 min 17.448 82.552 81.923 81.876 
300 min 18.7709 81.229 81.989 80.764 
270 min 19.304 80.696 80.922 81.454 
240 min 26.8864 73.114 74.034 73.682 
210 min 30.128 69.872 68.432 66.543 
180 min 54.761 45.239 44.345 45.956 
150 min 59.37 40.630 39.897 40.333 
120 min 67.064 32.936 30.123 32.347 
90 min 79.176 20.824 20.125 20.665 
60 min 81.894 18.106 17.500 17.443 
          
9.0g/100ml 10.452 90.688 91.124 91.552 
8.0g/100ml 10.224 89.548 90.670 90.456 
7.0g/100ml 13.430 90.56 89.67 89.14 
6.0g/100ml 12.9145 87.086 87.23 87.45 
5.0g/100ml 21.6655 78.335 76.56 77.67 
4.0g/100ml 29.3508 70.649 74.05 73.54 
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3.0g/100ml 26.2034 73.797 70.06 69.45 
2.0g/100ml 75.0608 24.939 25.69 25.03 
1.0g/100 ml 78.804 21.196 20.34 20.04 
         
200 mg/l 99.696 50.152 51.45   
180 mg/l 93.325 48.153 47.43   
150 mg/l 88.634 40.911 40.66   
120 mg/l 80.646 32.795 33.01   
90 mg/l 64.305 28.550 28.23   
60 mg/l 45.356 24.407 22.56   
30 mg/l 28.22 5.933 6.56   
 
B. AAS analysis for lead  
Element Pb       
Wavelength 217       
Width 1       
Current 10 mA       
          
          
Sample Id Conc (ppm) Abs Precision   
          
Blank   0.0009 22.4   
10 ppm   0.2726 0.9   
20 ppm   0.5397 0.4   
40 ppm   0.7327 0.3   
60 ppm   0.8074 0.5   
Control (20 ppm) 21.5 0.5398 0.4   
Control (40 ppm) 41.11 0.7353 0.2   
Blank (0.00 ppm) 0.14 0.0038 4.5   
Control (40 ppm) 41.63 0.7398 0.2   
          
 Sample Id  Conc (ppm)  Abs  Precision Adsorption % 
pH 2  98 0.3452 0.6 2.00 
pH 2  98.35 0.3543 0.6 1.65 
pH 3 54.41 0.8002 0.1 45.59 
pH 3 52.34 0.7698 0.1 47.66 
pH 4 37.91 0.7142 0.3 62.09 
pH 4 32.23 0.6687 0.4 67.77 
pH 5 30.33 0.6730 0.4 69.67 
pH 5 28.43 0.6309 0.4 71.57 
pH 6 20.06 0.533 0.6 79.94 
pH 6 18.13 0.4817 0.7 81.87 
pH 7 3.16 0.0892 1 96.84 
pH 7 7.71 0.2256 0.6 92.29 
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pH 8 2.04 0.0566 1 97.96 
pH 8 1.51 0.0414 1 98.49 
pH 9 0.81 0.022 1.2 99.19 
pH 9 0.63 0.0171 1.3 99.37 
pH 10 0.38 0.0102 2.6 99.62 
pH 10 0.74 0.0199 3.4 99.26 
          
1 hr 20.15 0.5178 0.5 79.85 
1 hr 22.4 0.5537 0.5 77.6 
2 hr 1.97 0.0546 8.7 98.03 
2 hr 1.16 0.0317 1.4 98.84 
3 hr 4.1 0.1173 0.4 95.9 
3 hr 1.78 0.0492 1 98.22 
4 hr 1.93 0.0533 1 98.07 
4 hr 1.83 0.0505 1.4 98.17 
5 hr 0.76 0.0204 1.4 99.24 
5 hr 1.17 0.0319 3.5 98.83 
6 hr 0.72 0.0196 4.1 99.28 
6 hr 0.88 0.0237 2.5 99.12 
          
1 g 2.08 0.0578 2.8 97.92 
1 g 1.9 0.0524 1.0 98.1 
2 g 1.59 0.0436 0.9 98.41 
2 g 1.78 0.0491 3.4 98.22 
3 g 0.72 0.0195 3.0 99.28 
3 g 0.27 0.0073 3.6 99.73 
4 g 0.68 0.0183 1.8 99.32 
4 g 0.47 0.0126 3.2 99.53 
5 g 0.28 0.0075 3.4 99.72 
5 g 0.23 0.0061 4.3 99.77 
6 g 0.63 0.0171 0.6 99.37 
6 g 0.33 0.0088 2.2 99.67 
7 g 0.26 0.0069 3.1 99.74 
7 g 0.37 0.0100 4.1 99.63 
8 g 0.32 0.0183 3.6 99,68 
8 g 0.27 0.0126 1.8 99,73 
9 g 0.21 0.0075 3.3 99,79 
9 g 0.32 0.0061 2.0 99,68 
         
30 ppm 0.24 0.0065 3.9 99.2 
30 ppm 0.83 0.0225 7.8 97.23333 
60 ppm 8.06 0.2360 0.6 86.56667 
60 ppm 7.99 0.2340 0.9 86.68333 
90 ppm 10.69 0.3106 0.6 88.12222 
90 ppm 19.83 0.5125 0.6 77.96667 
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120 ppm 24.19 0.5791 0.6 79.84167 
120 ppm 27.65 0.6222 0.3 76.95833 
150 ppm 30.67 0.7326 0.3 79.55333 
150 ppm 37.41 0.7106 0.3 75.06 
180 ppm 41.36 0.7368 0.2 77.02222 
180 ppm 41.33 0.7367 0.2 77.03889 
200 ppm 46.93 0.7675 0.2 76.535 
200 ppm 51.16 0.7870 0.1 74.42 
 
C. AAS analysis for copper 
Element Cu       
Wavelength 324.8       
Width 0.5       
Current 4 mA       
          
          
Sample Id Conc (ppm) Abs Precision   
          
Blank 0.0 0.0010 31.4   
20 ppm 20.00 0.2924 0.6   
40 ppm 40.00 0.5859 0.5   
60 ppm 60.00 0.8151 0.6   
80 ppm 80.00 0.9868 0.4   
Control (120 ppm) 119.6 0.7984 0.5   
Blank (0.00 ppm) 0.14 0.0038 4.5   
Control (40 ppm) 40.669 0.5875 0.6   
          
 Sample Id  Conc (ppm)  Abs  Precision Adsorption % 
pH 2  94.596 0.6545 0.6 5.404 
pH 2  99.87 0.6878 0.5 0.13 
pH 3 90.559 0.6235 0.6 9.441 
pH 3 91.89 0.6380 0.5 8.11 
pH 4 90.556 0.6297 0.6 9.444 
pH 4 91.736 0.6371 0.5 8.264 
pH 5 88.71 0.6182 0.6 11.29 
pH 5 88.872 0.6192 0.6 11.128 
pH 6 87.918 0.6132 0.5 12.082 
pH 6 86.872 0.6046 0.5 13.128 
pH 7 18.663 0.1310 1 81.337 
pH 7 15.848 0.1404 1.1 84.152 
pH 8 6.748 0.0460 0 93.252 
pH 8 6.844 0.0470 0 93.156 
pH 9 1.746 0.0051 0 98.254 
pH 9 1.666 0.0046 0 98.334 
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pH 10 1.808 0.0055 0 98.192 
pH 10 1.717 0.0049 0 98.283 
          
1 hr 88.9 0.6194 0.4 11.1 
1 hr 89.013 0.6201 0.6 10.987 
2 hr 87.847 0.6127 0.5 12.153 
2 hr 87.812 0.6062 0.5 12.188 
3 hr 86.871 0.6002 0.7 13.129 
3 hr 87.696 0.6118 0.5 12.304 
4 hr 86.992 0.6073 0.6 13.008 
4 hr 87.056 0.6141 0.5 12.944 
5 hr 86.008 0.6138 0.6 13.992 
5 hr 85.081 0.5952 0.5 14.919 
6 hr 85.509 0.5979 0.7 14.491 
6 hr 85.101 0.5953 0.5 14.899 
          
1 g 81.799 0.5741 0.5 18.201 
1 g 79.706 0.5604 0.7 20.294 
2 g 71.901 0.5087 0.6 28.099 
2 g 70.743 0.5009 0.7 29.257 
3 g 67.771 0.4807 0.5 32.229 
3 g 66.183 0.4698 0.6 33.817 
4 g 62.078 0.4415 0.6 37.922 
4 g 56.845 0.4050 0.5 43.155 
5 g 50.516 0.3592 0.6 49.484 
5 g 53.749 0.3832 0.7 46.251 
6 g 47.467 0.3385 0.7 52.533 
6 g 49.616 0.3538 0.6 50.384 
7 g 41.322 0.2944 0.6 58.678 
7 g 40.047 0.2833 0.5 59.953 
8 g 39.990 0.6380 0.5 60.010 
8 g 39.800 0.6297 0.6 60.200 
9 g 38.633 0.6371 0.5 61.367 
9 g 39.022 0.6182 0.5 60.978 
         
30 ppm 23.436 0.1642 0.7 21.88 
30 ppm 23.204 0.1625 0.8 22.65333 
60 ppm 52.717 0.3734 0.6 12.13833 
60 ppm 52.145 0.3694 0.6 13.09167 
90 ppm 81.762 0.5703 0.4 9.153333 
90 ppm 81.029 0.5656 0.8 9.967778 
120 ppm 110.888 0.7575 0.5 7.593333 
120 ppm 111.212 0.7813 0.4 7.323333 
150 ppm 139.017 0.9209 0.5 7.322 
150 ppm 138.548 0.8904 0.6 7.634667 
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180 ppm 170.104 0.1191 0.6 5.497778 
180 ppm 169.375 0.1281 1 5.902778 
200 ppm 189.938 0.1321 0.9 5.031 
200 ppm 190.813 0.1383 0.9 4.5935 
 
D. AAS analysis for nickel 
Element Ni       
Wavelength 352.5       
Width 0.2       
Current 4 mA       
          
Sample Id Conc (ppm) Abs Precision   
          
Blank 0 -0.0248 0   
100 ppm 100 0.7102 0.3   
120 ppm 120 0.8264 0.4   
140 ppm 140 0.9377 0.3   
160 ppm 160 1.02 0.3   
Control (120 ppm) 118.028 0.8167 0.4   
Blank (0.00 ppm) 0.14 0.0038 4.5   
Control  (40 ppm) -2.742 -0.0195 0   
          
 Sample Id  Conc (ppm)  Abs  Precision Adsorption % 
pH 2  98.846 0.6653 0.3 1.154 
pH 2  96.373 0.6528 0.4 3.627 
pH 3 84.165 0.5813 0.3 15.835 
pH 3 81.729 0.5668 0.3 18.271 
pH 4 77.184 0.5391 0.3 22.816 
pH 4 72.595 0.5107 0.3 27.405 
pH 5 70.709 0.4988 0.4 29.291 
pH 5 75.563 0.5291 0.4 24.437 
pH 6 69.682 0.4753 0.4 30.318 
pH 6 72.919 0.5034 0.3 27.081 
pH 7 68.525 0.5014 0.4 31.475 
pH 7 69.895 0.4936 0.3 30.105 
pH 8 66.985 0.4751 0.3 33.015 
pH 8 65.971 0.4685 0.4 34.029 
pH 9 68.251 0.5063 0 31.749 
pH 9 67.323 0.4781 0 32.677 
pH 10 64.137 0.4569 0 35.863 
pH 10 65.381 0.4592 0 34.619 
          
1 hr 99.722 0.7155 0.3 0.278 
1 hr 99.342 0.7081 0.3 0.658 
 113 
 
2 hr 98.969 0.7042 0.4 1.031 
2 hr 99.129 0.7058 0.4 0.871 
3 hr 99.021 0.708 0.3 0.979 
3 hr 98.978 0.7048 0.4 1.022 
4 hr 98.881 0.7042 0.3 1.119 
4 hr 98.714 0.7094 0.4 1.286 
5 hr 98.325 0.7008 0.3 1.675 
5 hr 97.664 0.6967 0.3 2.336 
6 hr 97.598 0.6963 0.4 2.402 
6 hr 96.323 0.6883 0.5 3.677 
          
1 g 98.513 0.702 0.3 1.487 
1 g 98.747 0.7034 0.4 1.253 
2 g 94.066 0.6741 0.4 5.934 
2 g 93.815 0.6725 0.4 6.185 
3 g 93.159 0.6684 0.4 6.841 
3 g 91.401 0.6572 0.4 8.599 
4 g 87.824 0.6340 0.4 12.176 
4 g 89.494 0.6449 0.4 10.506 
5 g 86.087 0.6227 0.3 13.913 
5 g 85.351 0.6178 0.5 14.649 
6 g 81.824 0.5944 0.4 18.176 
6 g 84.592 0.6154 0.4 15.408 
7 g 83.385 0.6048 0.4 16.615 
7 g 82.221 0.5964 0.4 17.779 
8 g 81.778 0.6743 0.3 18.222 
8 g 82.544 0.6725 0.3 17.456 
9 g 80.570 0.6654 0.4 19.430 
9 g 80.440 0.6672 0.4 19.560 
         
30 ppm 25.885 0.525 0.2 13.717 
30 ppm 26.846 0.5399 0.5 10.513 
60 ppm 51.66 0.8482 0.2 13.900 
60 ppm 49.126 0.8578 0.1 18.123 
90 ppm 67.606 0.9977 0.1 24.882 
90 ppm 67.951 1.0028 0.1 24.499 
120 ppm 73.54 1.0853 0.4 38.717 
120 ppm 73.887 1.0904 0.3 38.428 
150 ppm 78.156 1.1534 0.1 47.896 
150 ppm 76.683 1.1317 0.1 48.878 
180 ppm 80.09 1.182 0.1 55.506 
180 ppm 80.291 1.1849 0.1 55.394 
200 ppm 82.093 1.2115 0.1 58.954 
200 ppm 82.12 1.2119 0.1 58.940 
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APPENDIX C 
Inductively Coupled Plasma Mass Spectrometry analysis 
A. ICP analysis for sample 1, 2 and 3 before treatment 
Sample 
ID 
Al 
pp
m 
As 
ppm 
Ca 
ppm 
Cr 
ppm  
Cu 
ppm 
Fe 
pp
m 
K 
pp
m  
Mg 
ppm 
 Mn  
ppm 
Na 
ppm 
Ni 
pp
m 
P 
pp
m 
Pb 
ppm  
S 
pp
m 
Sb 
ppm 
Se 
pp
m 
Si 
pp
m 
Sr 
pp
m 
Te 
ppm 
Zn 
ppm 
Sample 
1  
 2.43 
<0.2
0 495 
<0.2
0 
<0.2
1 3.30 11.6 152 80.4 130 1.86 1.31 
<0.2
0 631 
<0.2
0 
<0.2
0 5.87 0.65 
<0.2
0 2.03 
Sample 
2  
 
<0.2
0 
<0.2
0 690 
<0.2
0 
<0.2
0 
<0.2
0 16.4 63.6 <0.20 180 
<0.2
0 1.44 
<0.2
0 593 
<0.2
0 
<0.2
0 
<0.2
0 0.32 
<0.2
0 0.75 
Sample 
3 (GW) 1.57 
18.0
0 24.7 
49.0
0 1340 0.74 
<0.2
0 <0.20 <0.20 
<0.2
0 304 0.25 1.33 
19.9
g/l 0.48 1180 
20.7
0 
<0.2
0 29.2 1830 
 
B. ICP analysis for sample 1. 2 and 3 after treatment 
Sample 
ID 
Al 
pp
m 
As 
pp
m 
Ca 
ppm 
Cr 
ppm  
Cu 
ppm 
Fe 
pp
m 
K 
pp
m  
Mg 
ppm 
 Mn  
ppm 
Na 
ppm 
Ni 
pp
m 
P 
pp
m 
Pb 
ppm  
S 
pp
m 
Sb 
pp
m 
Se 
pp
m 
Si 
pp
m 
Sr 
pp
m 
Te 
pp
m 
Zn 
ppm 
Sample 
1 
<0.2
0 
<0.2
0 
565 <0.2
0 
<0.2
1 
<0.0
1 
<0.2
0 
76.4 37.1 87 0.13
6 
0.66 <0.1
78 
627 <0.2
0 
<0.2
0 
3.72 <0.2
0 
<0.2
11 
0.40
7 
Sample 
2  
<0.2
0 
<0.2
0 
687 <0.2
0 
<0.2
0 
<0.0
1 
<0.2
0 
17.6 0.149 130 <0.0
29 
1.38 <0.2
0 
584 <0.2
0 
<0.2
0 
<0.2
0 
<0.2
0 
<0.2
1 
0.35
2 
Sample 
3 (GW) 
0.32
9 
<0.2
0 
645 9.46 62 <0.0
1 
<0.2
0 
<0.20 <0.20 <0.2
0 
265 <0.
2 
1.13 11.7
5g/l 
<0.2
0 
1041 18.7
9 
<0.2
0 
<0.2
1 
1011 
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C. ICP analysis for sample 1 before and after treatment 
Sample 1 
Al ppm Ca ppm Fe ppm K ppm  Mg ppm  Mn  ppm Na ppm Ni ppm P ppm S ppm Si ppm Sr ppm Zn ppm 
Before  2.43 495 3.30 11.6 152 80.4 130 1.86 1.31 631 5.87 0.65 2.03 
After <0.20 565 <0.01 <0.20 76.4 37.1 87 0.136 0.66 627 3.72 <0.20 0.407 
% Adsorption 91.77 0.00 99.70 98.27 49.74 53.86 33.08 92.69 49.62 0.63 36.63 69.23 79.95 
 
D. ICP analysis for sample 2 before and after treatment 
Sample 2 
Ca  
ppm 
K  
ppm  
Mg  
ppm 
Na  
ppm 
P 
ppm 
S  
ppm 
Sr  
ppm 
Zn  
ppm 
Before 690 16.4 63.6 180 1.44 593 0.32 0.75 
After 687 <0.20 17.6 130 1.38 584 <0.20 0.352 
% Adsorption 0.43 98.78 72.33 27.78 4.17 1.52 68.75 53.07 
 
E. ICP analysis for sample 3 before and after treatment 
Sample 3 
Al  
ppm 
As  
ppm 
Ca  
ppm 
Cr  
ppm  
Cu  
ppm 
Fe  
ppm 
Ni  
ppm 
P  
ppm 
Pb  
ppm  
S  
ppm 
Sb  
ppm 
Se  
ppm 
Si  
ppm 
Te  
ppm 
Zn  
ppm 
Before 1.57 18.00 24.7 49.00 1340 0.74 304 0.25 1.33 19.9g/l 0.48 1180 20.70 29.2 1830 
After 0.329 <0.20 645 9.46 62 <0.01 265 <0.2 1.13 11.75g/l <0.20 1041 18.79 <0.21 1011 
% Adsorption 79.04 98.88 0.00 80.69 95.37 98.65 12.83 60.0 15.04 40.95 79.17 11.78 9.23 99.28 44.75 
 
 
